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Abstract 

Electric arc furnaces (EAF), especially of foundry class, operating with a long-term technological period, are 

characterized by a high level of energy loss. Intensification of heat and mass transfer in steelmaking bath by 

pneumatic or electromagnetic (EMS) stirring contributes to increase energy efficiency of the EAF. Influence of 

bath shape factor (ratio of diameter to depth), which determines heat loss due to melt surface radiation, as 

well as, EAF energy efficiency, on generated in liquid steel EMS power, hasn’t been sufficiently studied. Aim 

is to improve energy efficiency of the EAF, using EMS, through optimization the bath shape. Technique 

consists in comparative assessment of specific stirring power by numerical modeling of electro vortex flows in 

liquid steel at varying bath shape factor. Scientific novelty lays in development the concept of a "deep" bath in 

relation to EMS. Found that decrease in the bath shape factor from traditional 5 to 2.5 is characterized by 

growth of power, released during EMS, by 19 - 36 %, more pronounced with increased current force and 
reduced current frequency in the stator winding. Geometrical and operating parameters, at which the EMS 

power exceeds the capabilities of pneumatic stirring, have been determined. Practical value is in 6 - 9 % 

reduction of technological period under EMS conditions in a "deep" bath, which allows decrease of specific 

power consumption in melting cycle of foundry class EAF by 1.5 - 2 % and by 5 - 6 % for the EAF, operating 

as part of micro-metallurgical complex.  

Keywords: Arc furnace, electromagnetic stirring, bath geometry, energy efficiency 

1. INTRODUCTION 

Electric arc furnace (EAF) is universal steelmaking unit for both "large" and "small" metallurgy with a possibility 

of intensive and concentrated energy input, regulation of oxidizing potential in workspace and wide choice of 

options for initial charge. In foundries of Ukraine there is a certain surplus of the EAF with a capacity of 1.5-6 

tons, which arose in connection with current reorientation of sales markets. Some of these units are supposed 

to be used as a basis of micro-metallurgical plants with a flexible production program [1].  

Energy-intensive classical technology significantly limits energy efficiency of foundry-class EAF. The situation 

is aggravated by traditional ideas about technological expediency of a shallow flat bath with a shape factor 

(ratio of diameter to depth) of 5.5 - 4.5, while in converter and ladle-furnace unit it is 1-1.2. Melt surface during 

technological period is a source of increased radiation heat loss. Therefore, intensification of heat and mass 

transfer in steelmaking bath by forced mixing is a decisive factor in increasing EAF energy efficiency.  

In DC arc furnaces, mixing of the bath is provided by electro vortex flows (EVF) that arise between upper and 

bottom electrodes in electrically conductive volume of liquid steel [2]. For prevailing in the world industrial 

frequency EAF the efficiency of EVF is developing mainly within volume, determined by electrodes pitch 

diameter and depth of electro-dynamic penetration of arcs into the melt, and it doesn’t provide effective mixing 

of the bath. To intensify the processes of heat and mass exchange, forced pneumatic [3,4] or electromagnetic 
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stirring (EMS) [5,6] is used. The EMS system was implemented historically earlier, but with the development 

of porous ceramic plugs technology, pneumatic stirring took priority positions. 

Pneumatic mixing power is defined by energy of isothermal expansion of inert gas volume purged into the melt 

per unit of time [7]. When blowing, two-phase region of reduced density is formed in the bath, which is the 

driving force of arising circulation. Along with its availability, the method has several disadvantages: local effect 

and instability of bubble regime in two-phase region in shallow EAF bath. Transition of blowing to jet mode 

leads to "breakdown" of the bath, in which the efficiency of transfer floating gas volumes potential energy to 

liquid steel by means of friction forces, as well as the interfacial surface, is sharply reduced. 

Main element of the EMS system is a stator located under the bottom, operating at low (0.2 - 5 Hz) frequency. 

Stirring of liquid steel occurs under the influence of the field of volumetric electromagnetic forces, arising from 

interaction of induced current with its own magnetic field. The advantage of EMS is a non-contact transmitting 

of stirring power to the melt throughout entire volume of the bath, in contrast to the local nature of pneumatic 

mixing effect in two-phase region. In the last decade, EMS has received a new development [8]. However, the 

method is capital and energy intensive. 

Reduction of heat loss due to EAF bath surface radiation by 8.5 - 49 %, as studies [8] have shown, can be 

achieved by decrease of bath shape factor to 2.5 - 1.8, taking into account structural and technological 

limitations inherent arc furnaces of various types. At the same time, steel refining rate is expected to be no 

lower than in a furnace with traditional bath geometry, despite of decrease in metal-slag interface, due to 
intensification of heat and mass transfer processes under conditions of pneumatic mixing in a "deep" bath. 

Influence of the EAF bath shape factor on EMS mixing power has not been studied and is not obvious, as for 

pneumatic mixing, and therefore, requires additional research. 

The aim is to improve energy efficiency of low-tonnage foundry class EAF, equipped with EMS system by 

means of varying bath shape factor. The method consists in numerical simulation of EVF in steelmaking bath 

and evaluation of EMS mixing power. 

2. NUMERICAL MODELING, RESULTS AND DISCUSSION   

Efficiency of EMS is characterized by specific mixing power Nem (W/t) which is the product of average values 

of electromagnetic force Fem (N) and EVF rate u (m/s) related per EAF capacity M (t). 

em emN (F u) / M                (1) 

Average EVF rate u (m/s) in circuit, as a result of the balance of electromagnetic and inertia forces [9], is: 

0 su j /                                                                                                                                                  (2) 

where: 

j - average current density, induced by EMS in the studied circuit of the bath (A/m2)  

ρs - liquid steel density (kg/m3) 

 0 s sc / f          - penetration depth of electromagnetic field into liquid steel (m)  

c - speed of light (m/s)  

ε0 - electrical constant (F/m)  

f - working frequency (Hz)  

μs - relative magnetic permeability of liquid steel  

σs - electrical conductivity of liquid steel (S/m) 
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To calculate the EMS power, a two-dimensional problem of alternating current electromagnetic field was 

numerically simulated in ELCUT 6.2 application software package. The problem is solved by finite element 

method. Electromagnetic phenomena in a liquid bath during the flow of electric current are described by 

Maxwell's equations, generalized Ohm's law and law of electric charge conservation. 

Design features of numerical model of 1.5-t foundry class EAF with calculation blocks (B1-B6) is shown in 

Figure 1. Physical and geometric characteristics of blocks are given in Table 1. 

 
Figure 1 Current density field in base (a) and “deep” (b) bath. Lines and arrows characterize electromagnetic 

field strength and direction. Designations are in the text 

Table 1 Initial data and conditions of numerical modeling of EVF in liquid steel bath  

Calculation block: material 
(designation)  

Block parameters: electrical 
conductivity σ (S/m); relative 

magnetic permeability μ; current 
force I (A); frequency f (Hz) 

Dimensions (m) 

Base bath “Deep” bath 

Liquid steel (В1) σ  = 7.3E+5; μ  = 1 Db  = 1.25; Hb  = 0.25 Db   = 1.0; Hb  = 0.40 

Refractory lining (В2) σ  = 200; μ  = 1 b = 0.20 b  = 0.20 

Stainless steel casing (В3) σ  = 1.1E+6; μ  = 1 s = 0.015 s = 0.015 

Transformer steel stator (В4) σ  = 1.2E+6; μ  = 103   

Copper winding (В5) 
σ  = 5.95 E+7; μ  = 1;                   

I = 1,500 - 3,500;  f  = 0.25 - 5.0 
  

Air (В6) σ  = 0; μ  = 1   

Steelmaking bath is taken to be cylindrical-spherical with the ratio of elements on height equal to 1. The shape 

factor Db/Hb is 5 for a base bath and 2.5 (taking into account design constraints [8]) for a "deep" one. Current 

force and frequency in stator winding varied according to Table 1.  

Solutions in form of current density fields, carried out at f = 0.5 Hz, I = 2,500 A for base and “deep” bath, are 

shown in Figure 1. Calculating circuits were introduced into obtained solutions: k1 - average horizon of bath, 

k2 - vertical axis of bath, on which electromagnetic force and current density distribution were determined by 

means of ELCUT package. Mean values of parameters in given circuits, as the initial data for EMS mixing 

power evaluation, entered the equations (1), (2). 

To compare the capabilities of EMS and pneumatic stirring, ultimate power of the latter Nps (W/t) was estimated. 

It corresponds to the maximum flow rate of inert gas under normal conditions Qg* (m3/s), at which bubble mode 

of purging is maintained in EAF bath with hydrostatic height 1.48 m and temperature Tm (K).
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[ ln(1 1.48)] ( )*
ps g g g m b gN Q R T H / / M                                                                                               (3)

 

where: 

ρg - inert gas density at normal conditions (kg/m3)  

Rg - universal gas constant (J/(kmol·K)) 

μg - inert gas molecular mass (kg/kmol)  

Regime of purging is defined by geometry of two-phase region in the bath and inert gas flow rate [7,10]. 

Criterion of bubble mode for conventionally spherical bubbles is the gas content ratio of two-phase region, not 

exceeding π/6, at which unrestricted motion of bubbles is ensured. The estimation of Qg* for 1.5-t EAF is 2.5E-

04 and 4.4 E-04 m3/s in base and "deep" bath, respectively (for porous plug with diameter of 60 mm). 

Results of assessment the stirring power in steelmaking bath of 1.5-t EAF with Tm = 1,820 K, derived from 

equations (1-3) using numerical experiment data, are shown in Figure 2. Curves 1, 2 refer to EMS in base and 

"deep" bath, respectively, at fixed f = 0.5 Hz (Figure 2a) and fixed I = 2,500 A (Figure 2b). Lines 1*, 2* 

represent ultimate power of pneumatic mixing in base and "deep" bath, respectively. 

 
Figure 2 EMS power in base (1) and deep (2) bath vs. stator current force (a) and frequency (b). Ultimate 

pneumatic stirring power in base (1*) and deep (2*) bath 

According to simulation data, mixing power increases with growth in current force (Figure 2a) and drop in 

frequency (Figure 2b), which correspond to classical concepts of EMS. Reduction in bath shape factor Db/Hb 

from traditional 5 to 2.5 promotes to increase EMS power by 19-36 %, more noticeable at higher current force 

and low frequency. Mechanism of phenomenon is, apparently, an increase of magnetic field strength in cross 

section of "deep" bath with smaller Db at unchanged parameters of stator. This is evidenced by evaluated 

distribution of electromagnetic energy density over relative bath diameter (circuit   k1), shown in Figure 3: in 

the "deep" bath it increases from 20 % in the central region to 2-4 times at the periphery in comparison with 

the base one. 

In the base bath at current force more than 2,800 A and frequency less than 0.5 Hz, power released due to 

EWF, exceeds ultimate power of pneumatic mixing (for porous plug with diameter of 60 mm). In a "deep" bath 

power capabilities of bottom purging, according to equation (3), are higher, which predetermines parity 

requirements to EMS, consisting in increased current force or lower frequency: I = 3,500 A, f = 0.25 Hz. 
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Figure 3 Electromagnetic energy density distribution on middle horizon over relative bath diameter for cases 

of base (1) and "deep" (2) bath 

Duration of the most critical, from the standpoint of EAF energy efficiency, technological period, is determined 

by interfacial refining, alloying, homogenization and overheating the bath to tapping temperature.  

Homogenization time τmix (s) of liquid steel in terms of temperature and chemical composition (with accepted 

degree of 95 %) is associated with generalized mixing power Nmix (W/t) by empirical dependence [10]:
 
 

-0.4800mix mixN                                                                                                                                             (4) 

Time of desulfurization of steel τdes (min), from the standpoint of interfacial metal - slag interaction due to mixing 

power Nmix (W/t), is determined [11] by initial upon melting [S0] and steel grade [S] content of sulfur (wt. %), 

and also by chemical complex  (1 )S sl/ L M / k M     , including distribution factor of sulfur between metal 

and slag Ls and relative amount of slag ksl. 

     
 0.25

ln ( ) 1

0.031 1

0
des

mix

S / S

N

     
   

                                                                                                                 (5) 

Homogenization and desulfurization time due to EMS power, according to equations (4,5), in base and "deep" 

bath of 1.5-t EAF were estimated for the following conditions: f = 0.5 Hz, I = 2,500 A, [S0] = 0.046 wt. %, [S] = 

0.025 wt. %, Ls = 50 [10], ksl = 0.035. Results are shown in Table 2.  

Table 2 Evaluated duration of technological operations in 1.5-t EAF equipped by EMS  

Technological operation  
Operation time (min) Relative reduction of 

operation time in ”deep” 
bath (%) Base bath “Deep” bath 

Homogenization 5.1 4.7 9 

Desulfurization 14.2 13.4 6 

Assuming, that desulfurization is limiting stage of technological period in the foundry class EAF, is a reason to 

expect, focusing on obtained data, a reduction of given period duration by 6-9 % and energy saving regarding 

the whole heat by 1.5-2 % when using EMS in "deep" steelmaking bath, compared with bath of base geometry. 

In the option of EAF application as part of micro-metallurgical complex [1] with intensive melting of semi-

finished product and relatively short technological period with open bath operation, the loss of radiation heat 

by melt surface, is expected to be no less than 14-15 % of input energy [12], because of wide application of 
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water-cooled elements. This makes it possible to count on decrease of specific energy consumption in 

conditions of the "deep" bath more than 5-6 %, compared with the base bath. 

3. CONCLUSION 

Numerical study of electric vortex flows under electromagnetic stirring in 1.5-t foundry class EAF shows, that 

decrease of bath shape factor from traditional 5 to 2.5 promotes growth in electro vortex flows power by 19-36 

%, which is more expressed with higher current force and lower frequency of EMS stator. 

Reduction of technological period by 6-9 % due to intensification of heat and mass transfer in a "deep" bath 

with EMS makes it possible to decrease the specific energy consumption in melting cycle of foundry class EAF 

by 1.5-2 % and by 5-6 % for the EAF, operating as part of micro-metallurgical complex. 
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Abstract  

The paper analyses the magnitude of foundry stresses in cast iron and steel castings. For the analysis of 

foundry stresses, a new methodology for measuring the level of residua! stresses on modified test bodies was 

proposed to test the propensity of iron alloys to hot-cracks and cold-cracks. The magnitude of the residua! 

stresses is determined based on the measured values of the relative shrinkage between the different bar 

diameters of the test body. To verify the proposed relative shrinkage measurement methodology, the hot-

cracks and cold-cracks test body was compared with its modified version. Relative shrinkage (RS) is defined 

as the difference of lengths I = RS of bars of different diameter-modules on the modified version of the 

standard test body. Based on the measured RS values, the magnitude of residua! stress in the test castings 

was calculated. According to the relative shrinkage rate and the known elastic moduli of the cast alloys, the 

potential residua! stress in the test castings was calculated. The magnitude of the stresses on castings of 

graphitic cast irons, non-alloy and alloy steels were evaluated. 

Keywords: Iron alloys, relative shrinkage, stress 

1. INTRODUCTION 

Foundry stresses arising during solidification significantly affect the final properties and quality of the castings. 

The stresses are the result of their volumetric and linear changes during solidification and cooling. lncreasing 

stresses during solidification, exceeding the strength limit of the alloys, can be the cause of internal and surface 

defects in castings. The degree of stress due to volumetric and linear shrinkage in iron alloy castings depends 

on: 

(a) The C content in the form of graphite or Fe3C, the Si content and the alloy content. 

(b) The homogeneity of the temperature field-differences in the wall thicknesses of the casting-modules.  

(c) Cooling rate, temperature of onset of solidification of the alloy, microstructure. 

The course of changes in specific volume during equilibrium solidification of iron alloys as a function of 

temperature can be described on the basis of chemical composition and the temperature of the beginning of 

solidification in the mould (pouring) to solidification. The volumetric shrinkage of the liquid phase of iron alloys 

becomes linear on cooling below the solvent temperature [1]. The magnitude of stress depends on the degree 

of volumetric and linear shrinkage of the casting from the onset of solidification to ambient temperature. The 

progression of specific volume changes during shrinkage of iron alloys from the onset of solidification to the 

solvent temperature can be described by equation (1) according to Kochaisen [2]. The equation is valid for 

equilibrium conditions of solidification of iron alloys. lt does not consider the cooling rate or the modulus of the 
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casting. The stress increases already in the first stages of solidification below the liquid temperature and 

continues to increase until the casting is completely cooled in the mould. The tensile strength and modulus of 

elasticity increase with decreasing temperature, depending on the chemical composition of the alloy. Phase 

and thermal stresses may also occur in the castings during further cooling after solidification. Stresses may 

also increase early in the solidification process due to mechanical stresses on the casting by the resistance of 

the mouId and core [3,4]. The cause of internal stresses and subsequent failures are foundry designs of 

castings with different module sizes and wall thicknesses. Endogenous stresses are caused by internal forces 

arising from complex thermo-physical phenomena due to uneven cooling. Internal stresses are due to 

volumetric changes in the solidification process. The magnitude is the product of the elastic modulus (E) of the 

alloy, the coefficient of thermal expansion (a) and the solidification temperature gradient (T) [4]. 

Stresses I. Order - macroscopic stress (macro-stress) acts (equalizes) in the entire volume of the casting or 

its part. It is the most dangerous for castings. It can add to the external operating stress. It is released over 

time by plastic deformations during ageing, annealing and machining. 

Stresses II. Order - microscopic stresses (micro-stresses) act in the volume of individual crystals and 

equilibrate in micro-volumes. 

Stresses III. Order - submicroscopic stress. It acts and equilibrates in the volume of one or more elementary 

lattices. The source of stress is atomic lattice disturbances (foreign atoms and dislocations). 

The internal thermal stresses act from the beginning of solidification, initially as shrinkage stresses. The 

shrinkage of the solidified layer is prevented by the mechanical resistance of the mould and core. 

Subsequently, after solidification of a larger volume of metal, the stresses increase due to differential dilation 

of the different layers of the inhomogeneous temperature field of the casting [5]. At this stage of solidification, 

the shrinkage stress induced by the mold resistance is negligible with respect to the strength of the casting 

relative to the mold. Thermal stresses can be: residual (i.e. permanent, residual) and temporary. Residual 

stresses increase as the temperature drops throughout the casting volume below the critical temperature Tkr 

into the elastic deformation region at a certain temperature gradient at the time of this transition. It reaches its 

maximum value when the casting has cooled completely. Temporary stresses occur in the casting at elastic 

deformation temperatures (below 600 °C) during sudden cooling. After complete cooling and equilibration of 

temperatures in the casting, the temporary stress disappears. The degree of stress in Fe alloy castings 

depends on the chemical composition, the cooling rate, i.e. the modulus of the casting, and the metallurgical 

treatment (number of nuclei, inoculation, desoxidation, melting and casting temperatures). Stresses in Fe 

alloys increase with decreasing carbon and silicon content as well as with increasing carbide content in the 

matrix [5].  

2. METHODOLOGY OF EXPERIMENTAL MELTS 

The melting was carried out on a medium-frequency induction furnace of 30 kg content. The charge for both 

cast iron and steel was composed of reversible material and additives, which were further treated with added 

ferroalloys and carburizing. In the first stage of the melting process, low and medium alloy Cr and Ni steels 

(Table 1) with C = 0.27 ÷ 2.04 % were tested. Crack sizes (cracks) on the original body (Figure 1) and RS on 

the modified body (Figure 2) were compared. The total shrinkage (CS = l20) was also measured on the modified 

body for the RS percentage. The relative RS shrinkage (∆l) i.e. the difference in lengths of the Ø 20 mm bars 

and the Ø 40 mm middle bar was measured using standard metal gauges. The magnitude of RS = ∆l = l20 - l40 

on the modified body was compared with the maximum crack width on the simultaneously cast standard body 

(Figure 1). In the second phase of the melting (Table 2), only the relative shrinkage (RS) bodies were cast 

from low-alloy Cr and Ni combination castings and materials with high Cr = 19.6 %. For comparison, two types 

of standard EN-GJS-300 flake graphite cast irons No. 6 and 7 (Table 2) with the same equivalent carbon but 

with different combinations of C and Si were also evaluated [6]. 
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Figure 1 Standard test body-grid for measuring cracks and fissures [7]   

 

Figure 2 Modified test body for relative shrinkage (RS) measurement 

Figure 3 Test body cracked outside the measurable area under the sprue 

For stress testing, there are various technological tests for evaluating the tendency of foundry alloys to tear 

and crack [7]. As a rule, the number and dimensions of cracks and cracks on the test bodies are evaluated. In 
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the case of a casting of a standard crack and fracture test body according to Schneider modified by Bradik 

(Figure 1), for the evaluation it is necessary to drill or "cut" the casting and then tap it to induce a fracture and 

measure the width of the resulting crack. These measurements are often difficult to make, especially in the 

case of castings made of very hard alloys with zero ductility. Another disadvantage is that test casings made 

of these materials usually fail while still in the mould and their evaluation is not possible. For example, a 

standard test grid (Figure 3) will usually crack in the cross-arm-outside the center bar.  

Problems with the evaluation of difficult-to-machine materials led to the design of a modification of the standard 

crack and fracture body for relative shrinkage measurements (Figure 2). The modification consisted of 

removing one transverse arm [8]. Instead, a 20 mm x 20 mm x 240 mm L-profile was inserted into the mould 

cavity. After casting, the total shrinkage length of the Ø 20 mm bar (CS = l20) and the relative shrinkage RS 

(RS = ∆l = l20 - l40) were measured on this modified casting. The modification allows for free shrinkage of all 

three bars, unhampered by mould resistance. The shrinkage is measured directly on the casting without further 

adjustments. The relative shrinkage (Figure 2) is measured as the difference in the lengths of the bars 

(Ø 20 mm and Ø 40 mm), with metal gauges between the attached L-profile through the ends of the Ø 20 mm 

bars and the middle Ø 40 mm bar. To calculate the 'potential' residual stress бp in the casting according to (1). 

�� �  ∆� ∙�  �    (1) 

where: 

 бp  - the potential tensile stress (MPa) 

 ∆l - the relative shrinkage RS (mm) 

   l - the length of bar Ø 20 (mm) 

   E - the modulus of elasticity of the tested material (MPa) 

Table 1 Chemical composition of steels, shrinkage (CS, RS), cracks and hardness of test bodies 

Melt  
no. 

C Si Mn Ni Cr 
Total shrinkage 

(CS) 

Relative 
shrinkage (RS). 
Modified body 

Width of 
cracks. 

Standard body HBW30 

(%) (%) (mm) (%) (mm) (mm) 

1-0 2.04 1.23 0.58 0.03 0.70 2.5 10 0.57 2.2 1.6 t 579 

1-1 1.94 0.76 0.70 0.35 0.75 2.3 9 0.51 2.0 - 446 

1-2 1.94 0.76 0.70 0.35 0.75 - - - - 1.8 t + 1.2 t 446 

2-1 1.47 0.61 0.59 0.26 0.55 2.3 9 0.44 1.7 - 460 

2-2 1.47 0.61 0.59 0.26 0.55 - - - - 1.6 t + 0.1 p 460 

3-1 0.27 0.26 0.80 0.05 1.13 - - - - 1.4 p 272 

3-2 0.27 0.26 0.80 0.05 1.13 3.3 13 0.41 1.6 - 272 

4-1 0.84 0.23 0.83 0.04 1.14 2.5 10 0.46 1.8 - 351 

4-2 0.84 0.23 0.83 0.04 1.14 - - - - 2.0 p 351 

t- Cracks in the vicinity of the casting.       p- Cracks measured after cutting the bar Ø 40 mm. 
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Table 2 Chemical composition of cast irons, RS, бp and hardness of the treated body 

Melt  
no. 

C Si Mn Ni Cr Mo RS-Modified body бp 
HBW 30 

(%) (mm) (%) (MPa) 

5 3.59 2.18 0.59 0.03 0.07 0.27 0.4 0.13 152 210 

6 3.0 2.57 0.16 0.01 0.02 0.24 0.3 0.07 114 229 

7 3.3 1.03 0.15 0.01 0.02 0.26 0.7 0.18 269 233 

8 3.17 1.10 1.26 3.44 1.71 0.25 1.8 0.46 694 503 

9 2.56 0.62 0.85 0.18 19.56 0.82 1.7 0.43 656 458 

10 2.58 0.63 0.84 0.17 19.60 0.81 1.4 0.35 540 474 

RS measured on the modified test specimen is substituted into the formula after ∆l. The potential stress (бp) is 

the same stress that would be developed in a standard solid (Figure 1). Comparison of two types of cast irons 

with flake graphite according to EN-GJL-300 (Table 2 no. 6 and 7), with almost identical carbon equivalents 

(CE = 3.56 and 3.59) and tensile strengths (Rm = 303 MPa and 305 MPa), show that LLG with low C = 3.0 % 

and higher Si = 2.57 % has a significantly lower RS = 0.3 mm compared to RS = 0.7 mm of cast iron with 

C = 3.3 % and Si = 1.03 %. From the measured RS values and the known modulus of elasticity for these cast 

irons of E = 150,000 MPa, the magnitude of the potential tensile stress that would act in the central bar of the 

standard body can be calculated. In a cast iron with flake graphite according to EN-GJL-300 with C = 3.0 and 

Si = 2.57 % (RS = 0.3 mm), the magnitude of the residual stress is бp = 114 MPa. In the LLG casting with 

C = 3.3 % and Si = 1.03 % (RS = 0.7 mm) the residual stress is significantly higher бp = 269 MPa. The residual 

stress close to the ultimate strength of LLG, significantly increases the risk of casting destruction with minimal 

external stress. It follows that LLG castings with higher silicon content have a significantly lower propensity for 

residual stress and stress failure. The highest calculated potential residual stress бp, ranging from 540 MPa to 

694 MPa, was exhibited by castings made from medium and high alloy Fe alloys (E = 150,000 MPa) [9]. 

A typical case of the influence of different moduli (and shrinkage magnitudes) on stress development is 

castings of metallurgical cylinders. Differences in the degree of shrinkage and the solidification time of the 

cylinder body and pin are the cause of the tensile stresses, which are concentrated in the transition of the 

cylinder body and pin (Figure 4). A larger diameter cylinder body takes up to five times longer to solidify than 

a smaller diameter pin, depending on the difference in the diameters (modules) of the body and pin. If the 

solidification rates and shrinkage rates of the two modules are not equal, the tensile stress (бa = 325 MPa) 

increases to a level that can cause the casting to destroy (Figures 4 and 5). 

 

Figure 4 Breakage of the body and pin of the metallurgical cylinder 
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Optimizing the temperature field gradients, while minimizing the differences in shrinkage between the body 

and pin of the cylinder, can reduce the stress to a level that will not break the casting. The stress in the critical 

region of the cylinder was reduced to a quarter of the original value of бb = 80 MPa (Figure 5 b) [10]. 

  

a)        b) 

Figure 5 Simulation of stress and temperature field in the critical region of the metallurgical  

cylinder-original a) and optimized technology b) 

3. CONCLUSION 

lt is clear from the analyses performed that the standard test bodies cast from high hardness alloys could not 

be evaluated using the recommended measurement procedure (Figure 3). Comparison of defect dimensions 

on the standard body and relative shrinkage (RS) on the modified body shows that their dimensions were 

almost identical. Also, the measurement of the cracks after cutting the middle member of the "elastic" steel 

body confirmed that the RS dimensions on the modified body can be used as a relevant value for the 

calculation of the potential residua! stress. Therefore, only the RS on the modified solids was measured in 

further tests. From the RS magnitude, the potential residua! stress that would be generated in the original test 

body and in castings with similar modulus ratios was calculated. The advantage of the proposed methodology 

is the simple and accurate measurement of RS and the subsequent calculation of the stress value. The test 

can be used to test the manufacturing conditions of castings with a known module ratio, read from the module 

diagram of the casting. The test conditions can be adapted to different casting temperatures, metallurgical 

processing and solidification rates. The test conditions may vary depending on the alloy being cast and the 

complexity of the casting with different wall thicknesses. The measurements confirmed that the RS 

measurement methodology is applicable to predict stresses in real castings. The stresses calculated by RS 
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include both material and process parameters of the tested castings that can be applied to a given production 

technology. The described method can be used to determine the relative volumetric and linear shrinkage of 

iron alloys. The test castings can also be used to verify heat treatment (HT) procedures to remove residua! 

stresses. After HT, the reduction in RS and thus the degree of reduction in residua! stresses in the castings 

can be easily measured.  
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Abstract 

The paper presents the results of investigation concerning the strength properties of the vermicular and the 

nodular cast iron both in the as-cast state and after the heat treatment held according to a couple of various 

options. The nodular cast iron exhibited almost 100 % nodular graphite precipitates and the purely pearlitic 

matrix. The graphite precipitates in the vermicular cast iron were almost 100 % vermicular ones, embedded 

in the pearlitic-ferritic matrix (50 %/50 %).  The heat treatment of the examined cast iron types differed with 

respect to the temperature. The austenitization process was performed either at 900 °C or at 960 °C, while 

austempering was held either at 290 °C or at 390 °C. Both the austenitizing and the austempering time was 

constant and set to 90 min. Both the as-cast specimens and the heat-treated ones were subjected 

to mechanical testing which allowed to determine their properties, namely Rm, Rp0,2, A5, and hardness. 
The change of the initial matrix to the ausferritic one resulted in the increase in mechanical properties, however 

the results were diversified depending on the type of graphite precipitates occurring in the material. 

Keywords: Nodular cast iron, vermicular cast iron, austempering, AVGI, ADI 

1. INTRODUCTION 

The strength of the nodular cast iron can be enhanced by subjecting the material to austempering process. 

The proper selection of the heat treatment parameters allow to produce cast iron exhibiting distinctly higher 

strength and functional properties than the initial, thermally not treated material.  

ADI (Austempered Ductile Iron) is a material well known to manufacturers, but there is an unceasing tendency 

to improve the material and to get the knowledge of mechanisms which allow to increase its properties. 

Besides the nodular cast iron, also the vermicular one is an attractive material for the foundry industry. 

The properties of vermicular cast iron locate this material between the grey and the nodular cast iron types [1]. 

Admittedly, the alloy is characterised by lower mechanical properties than the nodular cast iron (although it 

surpasses the grey iron with flake graphite in this respect), but it has in turn distinctly greater heat conductivity 

and damping capacity than the cast iron with nodular graphite. This leads to the great interest in this material, 

especially from the automotive industry [2]. An exemplary application can be the 3.0 TDI engine block 

(produced by Audi Company) made of vermicular cast iron [3]. It can be mentioned that the grey cast iron 

formerly commonly used for engine hulls is less rigid and exhibits lower fatigue resistance than the vermicular 

cast iron. Therefore the use of vermicular cast iron allows to reduce the wall thickness of castings, by the same 

reducing the mass of the entire individual casting even by about 20 % [4]. 

The advantageous properties, which the nodular cast iron gained due to the austempering process 

transforming it into the ADI, were the reason for applying the same type of heat treatment to the vermicular 

cast iron. 
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2. AUTHOR’S INVESTIGATIONS 

The nodular and the vermicular cast iron produced by one of the domestic foundries was used for the purpose 

of investigation. Test coupons of the IIb type were produced (in accordance with [5]). The test part  

of the mentioned test coupons was the material of which the tensile specimens were cut out. After measuring 

the strength properties, the specimens intended for metallographic examination were cut out of the end tabs 

of the tensile specimens. 

Chemical compositions of the examined cast iron types, both nodular and vermicular, are presented in Table 1. 

Table 1 Chemical composition of the nodular and the vermicular cast iron 

Chemical composition (%) 
Sc* 

C Si Mn Cu P S Mg 

Nodular cast iron 

3.57 2.33 0.38 0.55 0.061 0.008 0.062 0.9 

Vermicular cast iron 

3.22 2.38 0.192 1.02 0.054 0.022 0.027 0.9 

*  the eutectic saturation degree Sc 

The metallographic examinations were performed by the methods of optical microscopy, using the Nikon 

Eclipson optical microscope. Classification of graphite precipitates was performed for the non-etched 

specimens according to the Standard [6]. The microstructures were assessed in accordance with the Standard 

[7]. Table 2 juxtaposes the results of examinations for the as-cast material of both examined types. 

Table 2 Quantities of pearlite and ferrite along with graphite characteristics in the examined cast iron 

Cast iron type Assessment of graphite precipitates [6] Microsection area occupied by pearlite and ferrite [7] 

Nodular 
95 % VI 4/5 + 

 5 % V 4/5 

P95 

Fe05 

Vermicular 
95 % III 4/5 + 

 5 % VI 5/6 

P50 

Fe50 

 

Figure 1 Microstructure of the nodular cast iron etched with Nital, magn. 100× 
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Figure 2 Microstructure of the vermicular cast iron etched with Nital, magn. 100× 

Microstructures of the examined alloys are presented in Figures 1 and 2. 

The data given in Table 2, as well as Figures 1 and 2, indicate that the examined vermicular cast iron 

contained over 95 % of vermicular graphite precipitates, and about 5 % of nodular graphite. The alloy exhibited 

the pearlitic-ferritic matrix, as was initially assumed, and the contribution of each of these phases was equal 

to approximately 50 %. The nodular cast iron contained mainly nodular graphite (95 %), and the matrix was 

pearlitic. 

The examined cast iron types were subjected to the thermal treatment consisting in austempering. Taking up 

the suggestion resulting from initial examinations and the thermal treatment reported by some authors with 

respect either to the nodular cast iron [8-11] or to the vermicular one [12], it was assumed that the 

austenitization would be held at the temperature equal to either 900 °C or 960 °C, and the quenching at the 

temperature of either 290 °C or 390 °C. The difference in the latter temperature values equal to 100 °C was 

applied in order to achieve structures with greater or lesser fractions of ferrite and austenite. The alternative 

sets of parameters applied during the heat treatment, denoted as 1 to 4, are presented in Table 3. Both the 

austenitization time and the austempering time were constant and equal to 90 min. 

The tensile specimens were cut out of the test part of the cast coupons of the IIb type. The specimens intended 

for the further heat treatment had intentionally increased their initial thicknesses to compensate the possible 

scaling during the austenitization process. This allowance was removed after the heat treatment. 

The heat treatment was performed at the research stand situated at Odlewnie Polskie S.A. enterprise in 

Starachowice. Austenitization was held in an air atmosphere using the resistance chamber furnace made by 

‘ELTERMA’ Company. Austempering was performed in a quenching tank, in a salt bath used as the quenching 

agent. After taking the specimens out of the tank, the salt residues were washed off. 

Table 3 Parameters of heat treatment applied to the cast iron 

Designation of heat treatment  

option 

Temperature of austenitization 

Tγ (°C) 

Temperature of austempering 

Tpi (°C) 

Option 1 960 390 

Option 2 960 290 

Option 3 900 390 

Option 4 900 290 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

37 

Figure 3 presents the microstructure of the examined alloys after the heat treatment according to the four 

specified options. 
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Figure 3 Microstructures of nodular and vermicular cast iron after the heat treatment according to the option: 

a) No. 1 (Tγ=960ºC, Tpi=390ºC); b) No. 2 (Tγ=960ºC, Tpi=290ºC); c) No. 3 (Tγ=900ºC, Tpi=390ºC);  

d) No. 4 (Tγ=900ºC, Tpi=290 ºC) 

The strength properties were examined by means of the ZWICK 1488 tester. Hardness of the materials was 

checked by means of the Brinell hardness tester with a ball of 2.5 mm diameter under the load of 1,839 N. 

Tables 4 and 5 give the average values of Rm, R0.2, A5, and the hardness of both the nodular and the 

vermicular cast iron, both in the as-cast state and after the heat treatment. For each type of the examined cast 

iron and for each option of the heat treatment as well as for the as-cast state, the average values of Rm, R0.2, 

A5, were calculated from measurements taken from four specimens. As to the average hardness, its values 

were calculated from twelve measurements carried out for each cast iron type in every state (i.e. for the as-

cast specimens and the heat-treated specimens of every option). 

Table 4 Average values of the tensile strength Rm, yield strength R0.2, elongation A5, and the hardness of  

             the nodular cast iron before and after the heat treatment 

State of the examined cast iron 
Strength properties 

Rm (MPa) Rp0.2 (MPa) A5(%) HB 

As-cast 590 424 2.2 255 

Heat-treated according to 
option* 

1 829 583 4.4 283 

2 1,346 920 1.5 407 

3 979 592 6.5 299 

4 1,539 953 2.2 436 

* heat treatment parameters given in Table 3 
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Table 5 Average values of the tensile strength Rm, yield strength R0.2, elongation A5, and the hardness of  

              the vermicular cast iron before and after the heat treatment 

State of the examined cast iron 
Strength properties 

Rm (MPa) Rp0.2 (MPa) A5(%) HB 

As-cast 371 331 2.1 183 

Heat-treated according to 
option* 

 623 485 1.6 260 

 824 584 0.7 334 

 616 492 1.0 280 

 954 808 0.4 352 

* heat treatment parameters given in Table 3 

3. CONCLUSION 

The paper is focused on the mechanical properties of the ADI and AVGI cast irons, particularly on the 

dependence between their properties and the temperature of both the austenitization and the austempering 

processes. The work discusses two variable parameters of heat treatment, namely the austenitization 

temperature, which was set to be either 900 °C or 960 °C, and the austempering temperature, which was 

selected as either 290 °C or 390 °C, so that four options of thermal treatment were eventually considered (see 

Table 3). 

It results from the observation of microstructures shown in Figure 3 that both the nodular and the vermicular 

cast iron types subjected to the heat treatment are characterised by the ausferritic matrix, consisting of the 

acicular ferrite and austenite supersaturated with carbon. It can be seen that the area fraction occupied by 

individual phases depends on the temperature of austempering. The matrix was analysed by a computer 

program in order to find the fraction of the residual austenite. The results indicated that the largest fraction of 

the residual austenite in the matrix occurred in specimens austempered at 390 °C (treatment options 1 and 3). 

The specimens austempered at 290 °C (treatment options 2 and 4) were characterised by lower fraction of the 

residual austenite. 

The data gathered in Tables 4 and 5 prove that the highest tensile strength and yield strength values occurred 

for both the nodular and the vermicular cast iron thermally treated according to the options 2 or 4. The lower 

temperature of austempering (290 °C) resulted in the increased tensile strength and yield strength. The highest 

values of Rm and R0.2 for vermicular cast iron (954 MPA and 808 MPa, respectively) and for nodular cast iron 

(1,539 MPa and 953 MPa, respectively) were achieved after the heat treatment held in accordance with the 

option 4. It should be noticed that the austenitization temperature influenced the values of Rm and R0.2. The 

higher austenitization temperature (960° for the examined case) resulted in the tensile strength reduced by 

about 13 %. 

An increase in the temperature of austempering from 290 °C to 390 °C lead to the distinct increase 

of elongation. 

The differences in mechanical properties of cast iron types thermally treated according to various options were 

related to different percentage of ferrite and austenite occurring in the matrices of examined materials. There 
was observed a tendency towards the increased ferrite fraction in the matrix, and by the same the reduced 

austenite fraction, for the increased austempering temperature. The greater ferrite content in the matrix 

resulted in an increase in plastic properties of the cast iron due to ferrite plasticity, at the cost of decreased 

tensile strength. 

Considering the hardness of the examined as-cast vermicular cast iron, it can be stated that it was lower than 

the hardness of the nodular cast iron. This is related to the respectively large ferrite percentage in the matrix, 
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which amounted to 50 %. The hardness of the examined materials after the heat treatment depended on the 

applied parameters of the treatment, particularly on the austempering temperature Tpi. The higher the Tpi 

temperature, the lower was the resulting hardness of the examined cast iron. 
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Abstract 

The paper presents analysis of phase transformation temperatures of 20MnCr5 steel. For calculations of 

required temperatures, i.e. liquidus temperature (TL) and solidus temperature (TS) was used CompuTherm 

thermodynamic database. The aim of this paper was the use calculated temperatures from CompuTherm 

thermodynamic database to design regression equations for calculation of the phase transformation 

temperatures. From the results it is obvious that in the calculation of individual temperatures, the chemical 

composition has a significant effect on changes of the values of given temperatures. The resulting 
temperatures also vary depending on the used calculation method (the Lever method proved to be the most 

suitable). The mean value of liquidus temperature is 1,508 °C and the solidus temperature is 1,462 °C (using 

CompuTherm and the Lever method). The range of the two-phase zone region for the average content of 

elements within the limits of 20MnCr5 steel grade is thus 46 °C. Furthermore, the resulting regression 

equations are given in the work, determined by regression analysis of 66 possible variants of chemical 

composition of steel 20MnCr5 phase transformation temperatures calculated for defined chemical 

compositions by thermodynamic database CompuTherm. These equations can be used in operational 

conditions for calculations of phase transformations in the limit values of the used chemical composition of a 

given steel grade. When using a different range of chemical composition, these equations can be used, but 

without guaranteed results. 

Keywords: Steel, phases, transformation, liquidus temperature, solidus temperature 

1. INTRODUCTION 

Knowledge of the temperatures of the phase transformations of steel is very important either in its production 

or heat treatment. These temperatures allow us to understand the basic properties of steel, to determine the 

correct casting temperature or to optimize the settings of metallurgical processes [1-3]. 

Steel changes its phase at different temperatures. Temperatures at which the state of steel is changed are 

called phase transformation temperatures. The most important temperatures of phase transformations of 

steels include the liquidus temperature (melting temperature) and the solidus temperature (solidification 

temperature). The temperature range between the liquidus and solidus temperature determines the so-called 

two-phase zone, where the liquid phase changes to solid. Knowledge of the range allows prediction of steel 

tendency to internal defects, determination of steel liquidus temperature allows correct setting of steel casting 

temperature [2-6]. 
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The temperature of phase transformations is affected by the chemical composition of the steel melt. Most 

elements reduce these temperatures [5]. 

Methods of thermal analysis, dilatometry or computational methods (using empirically determined equations 

or software) can be used to calculate phase transformation temperatures. The results obtained after the 

computational determination of temperatures should be also verified by experimental methods [7,8]. 

2. CHARACTERISTICS OF STEEL GRADE 20MNCR5 

Steel grade 20MnCr5 is a case-hardening steel with the addition of manganese and chromium, sometimes it 

is additionally modified by a certain addition of boron. It is well hardenable and after case hardening it achieves 

good wear resistance due to high surface hardness. It is used for various applications in gears in rotary 

machines. Typical applications are valve bodies, pumps and fittings, screws, gears, machine tool components, 

shafts and other mechanical controls [9,10]. The chemical composition of the steel used for the calculations is 

given in Table 1. 

Table 1 Chemical composition of 20MnCr5 steel used for calculations [11] 

 Chemical composition of steel 20MnCr5 (wt%) 

C Si Mn P S Cr Cu 

Range 0.17 - 0.22 ≤ 0.40 1.10 - 1.40 ≤ 0.035 ≤ 0.035 1.00 - 1.30 ≤ 0.40 

Min. 0.17 0.00 1.10 0.000 0.000 1.00 0.00 

Avg. 0.20 0.20 1.25 0.018 0.018 1.15 0.20 

Max. 0.22 0.22 1.40 0.035 0.035 1.30 0.40 

3. CALCULATION OF LIQUID AND SOLID TEMPERATURES USING COMPUTHERM 
THERMODYNAMIC DATABASE 

The CompuTherm thermodynamic database (version 13.5.5), which is part of the ProCAST software (version 

2018.0) available at the Department of Metallurgy and Foundry, was used to calculate the required phase 

transformation temperatures of 20MnCr5 steel. 

This program allows you to calculate the thermophysical properties of steel after entering the chemical 

composition of steel and, if necessary, monitor changes in the required properties after adjusting the chemical 

composition. Calculable parameters include liquidus temperature, solidus, austenite decomposition 

temperatures, density, enthalpy, viscosity or thermal conductivity as a function of temperature. The calculation 

can be performed for metallic materials based on Al, Fe, Ni, Ti, Mg or Cu. For the calculation of steel is used 

the calculation based on Fe, where it is possible to further define the content of these elements: Al, B, C, Co, 

Cr, Cu, Mg, Mn, Mo, N, Nb, Ni, P, S, Si, Ti, V, W [12,13]. 

CompuTherm calculations are performed by three different microsegregation models Scheil, Lever and Back 

Diffusion. The Scheil model does not consider solid phase diffusion, while the Lever model assumes very good 

solid phase diffusion. Both of these models assume either complete mixing or infinite diffusion in the liquid. 

The Back Diffusion model is defined by the cooling rate. Using different calculation methods for the same alloy, 

we can get different thermophysical properties. The calculations using the Lever model assume a change in 

the solid phase of austenite to ferrite, the Scheil and Back Diffusion models do not predict this change, so they 

are not very suitable for calculating the liquidus and solidus temperatures of steel [12,13]. 

Figure 1 shows the interface of the software and solid phase distribution graph obtained after the calculation 

using the lever method. 
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Figure 1 Interface of the CompuTherm and solid phase distribution graph [own study] 

3.1. Calculation of liquidus temperatures 

From Table 2 it can be seen that the liquidus temperatures differ very little when using different models (by a 

maximum of 1 °C), and all three microsegregation models are therefore suitable for its calculation. 

The liquidus temperature for the minimum content of elements within the limits of a given quality is about 

1,517 °C, with the maximum proportion of elements for a given quality, the liquidus temperature drops to 

1,500 °C. The temperature difference is therefore 17 °C. 

If a given steel grade were cast by continuous casting, then the melting chemical composition would play a 

crucial role in selecting the casting temperature. In addition, it is appropriate that the calculations should be 

supplemented by experimental studies of transformations [11]. 

Table 2 Calculated liquidus temperatures using the CompuTherm [11] 

Calculated liquidus temperature (°C) 

 TL (min. wt%) TL (avg. wt%) TL (max. wt%) ΔTL (min. - max.) 

Scheil 1,517 1,508 1,500 17 

Lever 1,516 1,508 1,499 17 

Back Diffusion 1,517 1,508 1,500 17 
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3.2. Calculation of solid temperatures 

From Table 3 it can be seen that the results in calculating the solid vary greatly depending on the used model. 

It is clear that the Scheil model is not applicable for the calculation of solidus temperatures, as evidenced by 

significant differences in the resulting temperatures compared to the Lever and Back Diffusion models. 

The Scheil model does not consider solid state diffusion, as mentioned above. In contrast, the Lever model 

represents equilibrium conditions and is the most suitable for determining solidus temperatures. The Back 

Diffusion model requires the correct setting of the cooling rate, which plays a role especially in continuous 

casting of steel. Since the cooling rate on the surface of the continuously cast billet is fundamentally different 

from the cooling rate in the center of the preform, is usually selected a mean value. The rate at which the 

center of a continuously cast billet is cooled can be determined approximately for example by using numerical 

modeling. However, when setting up the numerical simulation, it is necessary to redefine the thermophysical 

properties of the steel, which may distort the result to some extent. Therefore, the Lever calculation remains 

primarily the most appropriate choice [11]. 

Under equilibrium conditions, the solidus temperature calculated using the Lever method is 1,488 (for the 

minimum wt% of elements), resp. 1,448 °C (for maximum wt% of elements). If we add the liquidus 

temperatures, which amounted to 1,516, resp. 1,499 °C, then the range of the two-phase zone can vary in the 

range of 28 to 51 °C. 

With a larger range of the two-phase zone, there is a risk of a larger range of macrosegration and central 
porosity in steel semi-finished products [11]. 

Table 3 Calculated solidus temperatures using the CompuTherm [11] 

Calculated solidus temperature (°C) 

 TS (min. wt%) TS (avg. wt%) TS (max. wt%) ΔTS (min. - max.) 

Scheil 1,222 1,125 1,099 123 

Lever 1,488 1,462 1,448 40 

Back Diffusion 1,443 1,425 1,415 28 

4. DETERMINATION OF REGRESSION EQUATIONS FOR CALCULATION OF TEMPERATURES OF 
PHASE TRANSFORMATIONS 

Resulting temperatures calculated in the CompuTherm database were used to determine the regression 

equations. 66 different variants of chemical composition were created for 20MnCr5 steel. This is the minimum 

number of combinations to include all the possibilities of the minimum, average and maximum content of 

individual elements in the steel and for the subsequent correct regression analysis. The Lever 

microsegregation model was used for the calculation. 

4.1. Regression analysis 

Regression analysis is one of the statistical methods. It consists in finding and examining the dependencies of 

variables (so-called regressors), the values of which are usually obtained during the implementation of 

experiments. It is used to describe and determine the dependence of the quantity Y on X, the dependence 

thus obtained is expressed by a regression function. To determine all regression equations, multiple regression 

analysis was used, which considers the dependence of a given temperature on the chemical composition. 

Regressors are usually multiplied by so-called regression coefficients [14,15]. 

The Excel spreadsheet processor, which is part of the Microsoft Office package, was used for data processing 

using the multiple regression analysis method. 
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In the regression calculations, was considered the standard significance level α = 0.05, ie. 5 % unreliability of 

results (or 95 % reliability). From the result provided by this program, was evaluated the statistical significance 

of the regression model as a whole, using Fisher's F-test (Significance F), there is also an important parameter 

Reliability value R. Furthermore, the statistical significance of individual regression coefficients is evaluated, 

namely using the results of the Student's t-test (t-Stat), an important parameter here is the level of significance 

of the t-test (P value). 

With the help of the mentioned tests and when evaluating the mentioned parameters, it is possible to determine 

which aspects have the greatest influence on the change of temperatures and which, on the contrary, do not 

substantially change its value [14,15]. 

4.2. Liquid temperature regression equation 

The chemical composition has a statistically significant effect on the liquidus temperature of 20MnCr5 steel 

from 99.3 % and from 0.97 % other influences affect the liquidus temperature. The regression coefficients of 

all elements acquire lower values in the level of significance of the t-test (P value) than the selected level of 

significance α, therefore they have a statistically significant effect on the liquidus temperature. In this case, 

silicon has the greatest influence on the liquidus temperature. The obtained equation (1) has the following 

form: 

TL = 1537.4 - 16.4 ∙ (% Si) - 82.8 ∙ (% C) - 5.1 ∙ (% Mn) - 3.7 ∙ (% Cu) - 40.5 ∙ (% S) - 31.5 ∙ (% P) - 1.4 ∙ (% Cr)     (1) 

4.3. Solid temperature regression equation 

The chemical composition has a statistically significant effect on the solidus temperature of 20MnCr5 steel 

from 89.7 % and from 10.3 % the solidus temperature is influenced by other influences. The higher percentage 

of influence of other aspects at the solidus temperature is due to the reactions taking place in the two-phase 

zone. The regression coefficients of the elements Si, S, C, P, and Cu acquire lower values in the significance 

level of the t-test (P value) than the selected significance level α, therefore they have a statistically significant 

influence on the solidus temperature. The coefficients of the elements Cr and Mn do not meet this condition, 

and therefore their effect on the solidus temperature will not be significant. The obtained equation (2) has the 

following form: 

TS = 1515.9 - 29.3 ∙ (% Si) - 316.2 ∙ (% S) - 158 ∙ (% C) - 193.3 ∙ (% P) - 7.6 ∙ (% Cu) - 1 .7 ∙ (% Cr) - 1.1 ∙ (% Mn)    (2) 

5. CONCLUSION 

Paper was devoted to calculations of phase transformation temperatures of steel and the determination of 

regression equations for their calculation. Temperatures are determined using the CompuTherm 

thermodynamic database. From the above results it is clear that in the calculation of individual temperatures, 

the chemical composition has a significant effect on changes in the values of given temperatures. The resulting 

temperatures also vary depending on the calculation method used (the Lever method proved to be the most 

suitable). 

The average liquidus temperature is 1,508 °C and the solidus temperature is 1,462 °C (using CompuTherm 

and the Lever method). The width of the two-phase zone for the average content of elements within the limits 

of quality 20MnCr5 is thus 46 °C. 

Regression equations stated in the work (1 - 2) are determined by regression analysis of 66 possible variants 

of chemical composition of steel 20MnCr5 and phase transformation temperatures determined for defined 

chemical compositions by thermodynamic database CompuTherm. These equations can be used in 

operational practice for calculations of phase transformations for steel grades similar to 20MnCr5. 
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Abstract 

The paper deals with the possibility of thermodynamic analysis of CaO - SiO2 - Al2O3 - MgO slag system for 

optimizing of steel desulphurization in a ladle. From the point of view of reducing the sulphur content in steel, 

the chemical composition of the slag plays a crucial role which affects a critical thermodynamic parameter of 

the slag, such as the liquidus temperature of the slag, the amount of solid phases in slag at range of refining 

temperatures, respectively the effective viscosity of slag and CaO saturation in slag. The critical parameters 

were analyzed in dependence on the content of MgO in slag. The analysis was performed in FactSage 7.2 

software. A quaternary graphs of the slag system CaO - SiO2 - Al2O3 - MgO were created with a constant 

MgO content of 0 wt.%, 5 wt.%, 10 wt.% and 15 wt.%. The results of thermodynamic calculations confirm that 
the content of MgO among 5 % and 10 % will have a positive effect on expanding the area of the lowest 

liquidus temperature and therefore better viscosity of slag. On the other hand, the content of MgO above 8 % 

led to higher content of solid phases which affected negatively the viscosity.  

Keywords: FactSage, properties of ladle furnace slag, furnace ladle slag, basicity of ladle furnace slag, 

temperature of liquid slag 

1. INTRODUCTION 

Improving the competitiveness of steel companies is associated with sustainable, satisfactory steel production. 

Ladle metallurgy is the last place where you can further adjust the chemical composition of steel, partially 

remove inclusions from steel and reduce unwanted elements in steel, such as sulphur. Under operating 

conditions, it is often very difficult to perform a series of targeted experiments to verify the effectiveness of the 

selected metallurgical process to reduce sulphur content, so simulation software is used to help optimize 

production processes [1-4]. 

One of the helpful software that can be used in evaluating the course of metallurgical processes is FactSage. 

FactSage is a thermodynamic/thermochemical software which is based on thermodynamic calculations of 

energy functions from empirically obtained values of thermo-physical properties of materials (heat capacities, 

enthalpies, phase transformation temperatures, etc.), both steels and slag, determines eg. phase or chemical 

transformations during metallurgical processes [5-7]. 

One of the main parameters that affects desulphurization is the saturation of CaO in the slag. The lime 

saturation index is an important parameter that is determined as the ratio of the actual CaO content to the CaO 

content of the saturated slag lime. The authors of the article [8] claim that saturated calcium slags have the 

highest desulphurization effectivity. Insufficient lime saturation in the ladle slag leads to a reduction in the 
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desulphurization effect. Higher MgO content in the slag affects the desulphurization processes. The authors 

found that increasing the content of MgO in the slag leads to saturation of the MgO in the slag, resulting the 

extention of life of the refractory lining, but on the contrary deteriorating the desulphurization reaction rate steel. 

Therefore, it is important to find the optimal content of MgO in the slag, so that the MgO in the slag is saturated 

and positively affects the reaction rate of desulphurization. Great influence on the reduction of sulphur content 

in the steel has a significant influence of the solids and liquid phase. Effective viscosity means a lower solids 

content (lower viscosity) and ensures faster solubility of CaO in the slag. To keep the liquid phase of the slag, 

it is important that the CaO is saturated [8-11]. 

The main goal of the paper is to analyze the critical parameters that affect metallurgical processes during steel 

desulphurization. The main parameters that affect desulphurization are: CaO saturation in ladle slag, 

dependence of slag liquidus temperature on MgO content in slag, slag viscosity and MgO content on the 

fraction of the excluded phase.  

2. CHARACTERISTICS OF LADLE SLAG CaO - SiO2 - Al2O3 - MgO 

The data set used for the experimental study itself represents data with the appropriate chemical composition 

of the slags of 66 specific melts. Slags of steel grades with a similar chemical composition were selected. In 

all cases, it was aluminum-tempered steel. Tapping from the primary steelmaking, in this case the oxygen 

converter, was followed by out-of-furnace refining of the steel. Samples for determining the chemical 

composition of the slag were taken at the end of the processing of the steel in a ladle furnace. Ranges of 
chemical composition of ladle slags are given in Table 1. 

Table 1 Ranges of chemical composition of the examined ladle slag 

Chemical composition of ladle slag (wt.%) 

Fetotal MnO SiO2 Al2O3 CaO MgO S P2O5 Cr2O3 TiO2 CaF2 

0.2 - 0.8 0.04 - 0.60 8 - 21 19 - 31 40 - 60 7 - 20 0.4 - 1 0.01 - 0.05 0 - 0.2 0.20 - 0.30 0 - 2 

As it is evident from Table 1 that CaO is present in the largest amount of the main oxides. The high occurrence 

of CaO in the slag indicates the slag regime, which is designed for desulphurization of steel. We know from 

theory that for the desulphurization of steel it is necessary to reduce the FeO content in the slag. However, 

experience shows that not only FeO in slag has an effect on the desulphurization of steel, but the content of 

MnO and MgO in slag also play an important role during metallurgical processes. 66 combinations of the 

chemical composition of ladle slags were subsequently used to calculate and compile quaternary diagrams of 

the properties of ladle slags in SW FactSage. 

3. COMPILATION OF QUATERNARY DIAGRAMS OF LADLES SLAGS AL2O3-SIO2-CAO-MGO IN 
SW FACTSAGE AND CALCULATION OF SLAG PROPERTIES 

Quaternary diagrams were compiled for the slag system CaO - SiO2 - Al2O3 - MgO with a constant MgO 

content of 0 wt.%, 5 wt.%, 10 wt.% and 15 wt.%. The aim of the calculations was to determine the extent to 

which MgO affects the resulting properties of the slag. Practice shows that as the MgO content in the slag 

increases, the area of thermal liquidity of the slag, the amount of solid phase precipitated in the slag at steel 

processing temperatures and the saturation of the CaO slag also change dramatically. 

3.1. Determination of slag liquidus temperature 

An important parameter for slag optimization is knowledge of its liquidus temperature. The liquidus temperature 

affects the rate and kinetics of the chemical reaction between the slag and the metal [12,13,18]. The liquidus 

temperature of ladle slags was determined for the chemical composition with a MgO content in the range of 0 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

48 

to 15 % by weight and at processing temperatures in the range from 1,450 to 1,650 °C. A comparison of 

quaternary diagrams of slags with a constant MgO content of 0, 5, 10 and 15 wt.% is shown in Figure 1. The 

colors of the slag liquidus temperature scale to the right of the diagram correspond to the colors of the 

isotherms in the diagram. The isotherms in the diagram then define the area of the slag melting temperature 

area for individual ratios of the contents of the main components of ladle slag. The area defined in the diagram 

by the pink curve is therefore considered to be the place with the lowest liquidus temperature of 1,450 °C. In 

the red area, the liquidus temperatures reach 1,650 °C. During the desulphurization of steel in secondary 

metallurgy, metallurgical reactions take place in the diagram marked with an orange oval area. The diagram 

also intersects lines marking areas with different slag basicity. 

  

a) 0 % MgO b) 5 % MgO 

  

c) 10 % MgO d) 15 % MgO 

Figure 1 Comparison of quaternary diagrams of slag systems with a) 0 % MgO, b) 5 % MgO, c) 10 % MgO 

d) 15 % MgO and their liquidus temperatures 

As can be seen from Figure 1 for 0 wt.% MgO in the slag, all liquidus temperature ranges (isolines) are in the 

orange range, in the isolines have a narrow liquidus temperature range. When the MgO content in the slag is 

increased to 5 %, the pink temperature range expands. Increasing the MgO to 10 % results in the orange 

region suddenly reaching the red isothermal region (liquidus temperature 1,650 °C), which negatively affects 

the kinetics of the desulphurization process by increasing the viscosity. In addition, only one pink isothermal 
region is shown compared to the diagram with lower MgO contents in the slag. Furthermore, it is evident that 
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when the MgO content in the slag is increased to 15 %, there are not very positive effects during the 

desulphurization of the steel due to the increase in the liquidus temperature. Therefore, the optimal MgO 

content in the slag, in the range of 5 to 10 wt.% MgO, was determined using FactSage software. As a result, 

it can be stated that increasing the amount of MgO in the slag to 10 % will expand the area of liquid slag. By 

adding MgO above 10 %, on the other hand, the liquid temperature of the slag increases and thus its viscosity 

deteriorates and the kinetics of the processes at the slag-metal interface are slowed down. 

3.2. Determination of slag viscosity 

The viscosity was evaluated depending on the MgO content, the melting point of the slag and the working 

temperature of the slag during steel processing in the temperature range 1,550 - 1,600 °C (based on articles 

[14-16]). The dynamic viscosity, depending on the temperature and chemical composition of the slag, ranged 

from 0.018 to 0.194 Pa s. Low viscosity values of 0.018 Pa s were achieved at high slag temperatures (above 

1,650 °C) and zero MgO content. As the MgO content increased to 8 %, the slag liquidus temperature range 

changed positively, which decreased to the processing temperature range (i.e., between 1,550 to 1,600 ° C), 

and a lower viscosity value of about 0.6-0.8 Pa s was achieved. However, higher MgO contents above 8 % 

led to the exclusion of solid phases, as will be discussed below, which led to an increase in the dynamic 

viscosity of the slag. 

3.3. Influence of MgO content on the fraction of the excluded phase 

As mentioned above, the precipitation of the solid phase in the slag negatively affects the viscosity of the slag. 
Based on articles [13,17] we know, if the slag exceeds 40 % of the solid phase, a highly viscous mass changes 

from the slag. Figure 2 shows the proportions of precipitated phases which were evaluated at a constant 

temperature of 1,575 ° C for different contents of MgO (0, 5, 8, 10 %). The size of the CaO secretion area, 

which is important for the evaluation of CaO saturation in slag, was evaluated in the diagrams. The site of 

primary CaO formation was considered to be the site where CaO saturation in the slag occurs. Slag-liq is an 

area with liquid slag. By adding 5 % MgO to the slag, the area where CaO oxide is formed narrows and at the 

same time the area of liquid slag expands. When the MgO content is increased to 8 %, the CaO area expands 

again, but at the same time an area with MgO excretion is already beginning to appear. By further increasing 

the MgO content above 10 %, the area of liquid slag is already beginning to narrow and the area of excreted 

MgO is expanding. 

 

  

Lower left section of the ternary diagram C-S-A at a 

temperature of 1,575 ° C 

Lower left section of the quaternary diagram C-S-

A-5M at 1,575 ° C 
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Lower left section of the quaternary diagram C-S-A-8M 

at 1,575 ° C 

Lower left section of the quaternary diagram C-S-

A-10M at 1,575 ° C 

Figure 2 Influence of MgO content on phase formation 

The MgO content positively influences the slag up to 5 wt.% A to form CaO oxide in the slag and expand the 

Slag-liq area. An increase in MgO to more than 8 % and the formation of MgO oxide and a mixture of CaO and 

MgO in the orange region have a negative effect. 

4. CONCLUSION 

The article presented the use of thermodynamic software FactSage to find the optimal chemical composition 

of CaO - SiO2 - Al2O3 - MgO slag in the out-of-furnace desulphurization of steel in a ladle furnace. In practical 

conditions, the desulphurization efficiency is conditioned by the minimum content of easily reducible oxides 

(which mainly include FeO, MnO, P2O5 and Cr2O3), the maximum thermodynamic activity of CaO in the slag 

(CaO saturation), basicity, processing temperature and slag liquidus temperature and viscosity. 

Based on the calculated and constructed quaternary diagrams of the slag system with a variable MgO content 

from 0 to 15 %, the following conclusions were defined: 

 The liquidus temperature of ladle slag depends on the MgO content. At 0 % MgO in the slag, the area 

with the lowest slag liquidus temperature around 1,450 °C is relatively narrow. Increasing the MgO 

content between 5 and 10 % will have a positive effect on expanding the area with the lowest liquidus 

temperature. If the MgO content is increased to 10 % or more, the liquid slag area will narrow. 

 Dynamic viscosity calculations confirmed that the viscosity is affected by the temperature and chemical 
composition of the slag. As the viscosity of the slag increases, the effective desulphurization of the steel 

decreases. 

 Therefore, in order to achieve effective desulphurization, it is recommended to keep the MgO content in 

the ladle slag in the range of about 8 % (between 5 and 10 wt.% MgO). 
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Abstract 

A popular way in applying to identify incompatibilities of a product are non-destructive testing (NDT). However, 

this research is not allowed to identify the causes of incompatibilities. It concerns solving the decision 

problems, in which the causes and effects of these incompatibilities are determined. Therefore, the aim of the 

article is to propose the method to solve causes and effects problems as a part of determining the main cause 

of problem. This includes generating possible causes of the problem and their careful analysis in order to 

determine the main cause of this problem. This method is a combination of techniques, i.e. brainstorm (BM), 

Ishikawa diagram, and DEMATEL method. The method was designed in five main stages, i.e.: determining 

the aim, selecting the team of experts, determining the causes of problem, identifying the main cause of 

problem, determining the improvement actions, and determining the improvement actions. The test of the 

method for frequent incompatibility with non-metallic inclusions on product from AMS6415 steel was 

conducted. This incompatibility was detected by NDT research (magnetic powder method) in the Podkarpacie 

enterprise. After using the proposed method for this problem, it was shown that the main causes of its 

occurrence were errors in plastic working and untrained workers. The originality of the article is a new 

combination of methods for an analysis of a complex cause-and-effect problems with non-destructive testing.  

Keywords: AMS6415 steel, non-metallic inclusions, mechanical engineering, DEMATEL method, decision 

support 

1. INTRODUCTION 

Improving the product quality is the basis of developing enterprises, which activities are targeted to achieve 

the customers’ satisfaction [1,2]. For this purpose, various actions are taken, e.g. the control of a quality 

product, or the prevention to the occurrence of the incompatibility [2,3]. These mentioned controls are mainly 

realized by an effective non-destructive testing (NDT), which allow to control the quality of the product without 

its destruction [3]. Their application allows to identify the incompatibility of the product, however it does not 

allow to determine the causes of its occurrence. Therefore, the enterprises search for other methods, which in 

combination with NDT research will allow for the complex cause and effect analysis. The review of the literature 

has shown that for this purpose mainly the brainstorm (BM) [4,5] and Ishikawa diagram (cause and effect) 

[3,6,7,8] were used. The mentioned BM was used, for example, to define the largest possible number of ideas, 

e.g. the causes of the problem [4,5]. In turn, the Ishikawa diagram was used e.g. for identifying and grouping 

the causes of the problem [6,7,8]. Also, this diagram was used for visualizing the mutual correlation between 

the cause and the effect [3]. Additionally, the DEMATEL method, intended for this purpose, was used for the 

cause and effect analyses [9,10,11,12,13]. It is a method for making trial and evaluation decisions, which has 

been applied to analyse the complex cause and effect connections [13]. The DEMATEL method allows the 

research of the relationships and correlations in elements of a system, and also it determines so-called critical 

elements in the system as a part of connections diagram [10,11,13]. For example, in Ref. [13] the literature 

review of this method was shown. However, it was concluded that this method was not used in a combination 
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with mentioned techniques of the quality management. For this reason, it was assumed as adequate to 

propose a new method of combined techniques to research the connections of causes and effects, in the 

context to determine the main causes of the problem. The test of method was conducted on the example of 

non-metallic inclusions of a product from ASM6415 steel, which was made by non-destructive testing 

(magnetic-powder method). 

2. METHOD 

The proposed method is a combination of techniques, i.e. brainstorm (BM), Ishikawa diagram (cause and 

effect) and DEMATEL method. The aim of the method is to solve the cause and effect problem as a part of 

determining the main cause of the problem. This includes generating possible causes of the problem and their 

careful analysis in order to determine the main cause of this problem. The selection of these techniques 

resulted from their application to determine causes and effects of the problem (brainstorm and Ishikawa 

diagram) [3,4,5,6,7,8], and the effective assessments of connections of causes and effects (DEMATEL 

method) [4,9,10,11,12,13]. However, previous techniques were not combination as a single, coherent method. 

The proposed method was designed in five main stages (Figure 1).  

 

Figure 1 An algorithm of combination method to solve the cause and effect problems 

The short characteristic of stages of the proposed method is shown in the next part of article. 

2.1. Determining the aim 

The first stage is determining the aim. The aim should refer to solving the cause and effect problem and 

identifying precisely the main cause of the problem. As a part of determination of the aim, the SMART method 

can be used [14].  

2.2. Selecting the team of experts 

The second stage is selecting the team of experts. The team is responsible for identifying the main cause of 

the problem, so it determines and makes an assessment in the cause of the problem as a part of cause and 

effect analysis. For this reason, the members of a team should have competencies and knowledge about the 

problem. The example of selecting the experts to a team is shown e.g. in [15,16].  

2.3. Determining the causes of the problem 

The third stage is determining the causes of the problem. This stage is realized by the team of experts. Initially, 

the brainstorm (BM) is made to generate the causes of the problem. The method of BM is shown e.g. in [4,5]. 

All causes of the problem should be noted in a visible place to the team, e.g. blackboard. Then, these causes 

can be grouped according to some categories. These categories should be selected because of the character 

of causes of the problem. In the proposed method, the Ishikawa categories (5M+E) can be used, i.e.: man, 

method, machine, material, management and environment [3]. The group of the cause can be visualized on 

the cause and effect diagram, as a part of standardized analyse by DEMATEL method, which is shown in the 

next stage of the method. 

Stage 2.1. Stage 2.2. Stage 2.3. Stage 2.4. Stage 2.5. 

Start 

Stop 

Determining 

the causes of 
the problem 

Identifying the 
main cause of 

the problem 

Determining the 

improvement 
actions 

A need to 
determine 

precisely the 
main cause 
of a problem 
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2.4. Identifying the main cause of problem 

The fourth stage is identifying the main cause of problem. This stage is realized by the team of experts applying 

the DEMATEL method. Initially, the causes from the cause and effect diagram (stage 2.3.) should be 

evaluated. Hence, the causes of problem are noted in rows and columns of A matrix. Then, the direct mutual 

influence of these causes in scale 0-4 is evaluated, where 0 - no influence, 1 - low influence, 2 - average 

influence, 3 - high influence, and 4 - very high influence. The assessment of direct mutual influence of causes 

is realized in A matrix (1) [9,10,11,12,13]: 

	
 �
⎣⎢
⎢⎢
⎡ 0     ���∗   ���∗   ⋮  ���∗   

���∗     0   ���∗    ⋮   ���∗    
  ���∗  ⋯  ���∗  ⋯ 0     ⋯ ⋮      ⋱���∗  ⋯

  ���∗  ���∗  ���∗ �
�∗0 ⎦⎥
⎥⎥
⎤
 (1) 

where: i - assessment of direct and mutual influence of causes. 

Then, the structure of the total impact of these causes is determined. For this purpose, it is necessary to 

normalize A matrix (2). Next, in T matrix is determined as the entire and mutual influence of these causes (3) 

[9,10,11,12,13]: 

� �  1����� 
 � � ∑ �
!�!"� , $ � �. 	 (2) 

& � $'( ) $*+� (3) 

where: i, j = 1, 2, …, n, A - the matrix of a direct influence of causes, Y - normalized matrix, I - identity matrix. 

Then, in order to determine the degree of mutual causes, the sum of assessments in rows and columns of T 

matrix should be calculated, and also the average assessments of all causes in T matrix (4) [9,10,11,12,13]: 
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where: i, j = 1, 2, …, n, R - row, C - column, t - value of T matrix, N - number of all causes. 

As a result, the values from the T matrix which are above the average value (α) indicate an important and 

mutual influence on the occurrence of the problem. After removing the values below the mean value (α), it is 

necessary to create a diagram of the impact on the causes of the problem [9,10,11,12,13]. As part of the 

DEMATEL diagram it is possible to visualize the mutual influence of causes, but also determine the main 

cause, i.e. with the biggest influence on the occurrence of the problem.   

2.5. Determining the improvement actions 

The fifth stage is determining the improvement actions. This stage is realized by the team of experts. This 

involves identifying how it is possible to reduce or eliminate the problem, e.g. by conducting a BM among a 

team of experts. In order to undertake improvement actions effectively, it is necessary to define them due to 

the identified main cause of the problem. This stage is the last stage of the proposed method. 

3. RESULTS 

Testing of the method was carried out on the example of non-metallic inclusions on a product from AMS6415 

steel. This incompatibility often was detected by NDT research (magnetic powder method) in one of the 

production and services enterprises located in Podkarpackie voivodeship. The problem was unequivocal 
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identification of the main cause of occurrence of this incompatibility. Mentioned AMS6515 steel is low alloy 

steel with intended use to produce aviation products, i.e. rods, mechanical pipes, forgings, and wrought 

materials. According to the first stage of the method, the aim was assumed, i.e. to identify precisely the main 

cause of non-metallic inclusions on a product from AMS6415 steel. After the second and third stages of the 

method, a team of experts was selected who identified successively the causes of non-metallic inclusions on 

the product made of AMS6415 steel. For this purpose, brainstorm (BM) was conducted. All identified causes 

according to the 5M+E rule were grouped and then visualized on a cause and effect diagram (Figure 2). 

 
Figure 2 The Ishikawa diagram for incompatibility of non-metallic inclusions of AMS6415 steel 

Then, according to the fourth stage of the method, the DEMATEL method was used, to identify the main cause 

of non-metallic inclusions of AMS6415 steel. The direct interactions of causes were assessed (Table 1a), the 

structure of the total influence of these causes was determined, and a matrix of the entire interactions of causes 

was created (Table 1b). As result, the degree of mutual causes was calculated, and the average assessments 

of all causes in the T matrix was achieved, i.e. α = 0.11 (Table 1c). 

Table 1 A fragment of the results for the matrix: a) direct interactions, b) entire interactions, c) degree of mutual  

             causes 

A C1 C2 C3 .. C22 

C1 0 1 2 .. 3 

C2 1 0 4 .. 3 

C3 1 2 0 .. 2 

.. .. .. .. .. .. 

C22 1 1 1 .. 0 
 

T C1 C2 C3 .. C22 

C1 1.04 0.07 0.09 .. 0.11 

C2 0.06 1.06 0.12 .. 0.11 

C3 0.05 0.07 1.04 .. 0.07 

.. .. .. .. .. .. 

C22 0.04 0.04 0.04 .. 1.02 
 

C Ri Ci Ri+ Ci Ri- Ci 

C1 3.32 2.05 5.37 1.27 

C2 3.36 2.30 5.65 1.06 

C3 2.56 2.34 4.89 0.22 

.. .. .. .. .. 

C22 1.97 2.39 4.36 -0.41 
 

After reducing the matrix T by irrelevant causes of the problem (i.e. values below α = 0.11), a diagram of the 

mutual influences of the causes of non-metallic inclusions on the product from AMS6415 steel was created 

(Figure 3). 

 
Figure 3 The DEMATEL diagram for causes of non-metallic inclusions of AMS6415 steel 
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After analyzing the problem, it has been shown that the main causes of non-metallic inclusions of AMS6415 

were untrained workers and plastic working errors. These causes have the maximum number of mutual, 

important connections, i.e. 14. For that reason, as a part of these main causes, the improvement actions were 

proposed, i.e.: conducting reminder training for employees, re-examining the forming process and updating 

work instructions for forming. 

4. DISCUSSION 

The incompatibilities of products are determined by cause and effect connections.  Hence, it is necessary to 

analyze it in an effective way as a part of solving the decision problems. Therefore, the method for solving 

these types of problems was proposed. The main benefits of the proposed method are: 

 categorization and selection of the causes of the problem,  

 verifying the mutual influence and relation of causes the problem,  

 determining the main cause of the problem, 

 a possibility of using the method to complex problems, e.g. incompatibility of product, 

 supporting making decision about causes of the problem. 

In turn, the disadvantage of the proposed method is a need to assess the dependence, which becomes  

time-consuming and error-prone for a large group of causes. As a part of future research, it is planned to 

extend the method about techniques that will reduce uncertainty and imprecision of experts’ assessments, i.e. 

fuzzy numbers. 

5. CONCLUSION 

The support of improvement actions of products is a complex problem and it requires cause and effect analysis. 

Mainly, it concerns determining causes of occurrence of the incompatibilities of products, which often are 

identified by popular non-destructive testing (NDT). Therefore, the aim of the article was to propose the method 

to solve the causes and effects problem as a part of determining the main cause of the problem. The proposed 

method is a combination of techniques, i.e. brainstorm (BM), Ishikawa diagram (causes and effects) and 

DEMATEL method. Testing of the method was carried out on the example of non-metallic inclusions on a 

product from AMS6415 steel. This incompatibility was often detected by NDT research (magnetic powder 
method) in one of the production and services enterprises located in Podkarpackie voivodeship. Initially, the 

brainstorm (BM) among a selected team of experts was done, after which the causes of this incompatibility 

were identified. Then, using the Ishikawa diagram, the all causes were grouped and visualized with rule 5M+E. 

Next, the significant influence of all causes of the problem was analysed. The DEMATEL method was used for 

it. As a result, the two main causes of non-metallic inclusions of AMS6415 steel were determined. These 

causes were untrained workers and plastic working errors. In the last stage, the improvement actions were 

proposed, i.e.: conducting reminder training for employees, re-examining the forming process and updating 

work instructions for forming. It was concluded, that the proposed method has supported the process of cause 

and effect analysis of incompatibility of the non-metallic inclusions on a product from AMS6415 steel. 

Therefore, it was considered that the proposed method can be used to verify another kind of incompatibilities 

of the product, among others from low alloy steel and incompatibilities identified by NDT. 
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Abstract 

The magnetic properties of polycrystalline samples of isotopically enriched iron with the content of isotope 56Fe 

99.945±0.002 at. % were investigated at different magnetic field strength values. The samples of monoisotopic 

iron were melted in the environment of argon and annealed in hydrogen. The same measurements were 

carried out on the samples of iron with natural isotopic composition. The quantity and composition of impurities 

in the samples of natural and monoisotopic iron were equal. The magnetic properties were measured using 
an automatic induction vibro-magnetometer MagEq MNMS 216 and an automatic measuring complex MK-3E 

in accordance with GOST 8.377-80 and GOST 12119.1-98. It was found that the value of the saturation 

magnetization Js of 56Fe is higher by 10.87 % than that of natFe at room temperature, and by 11.35 % at 100 

K. The values of saturation induction Вs and residual magnetic induction Br for 56Fe are higher than for natFe. 

The difference in the values of the coercive force Нс for the natFe and 56Fe samples is due to the difference in 

the grain size of the samples and in the purity of the materials. 

Keywords: Monoisotopic 56Fe, natural iron, impurities, magnetic properties 

1. INTRODUCTION 

Authors [1] found that the fundamental magnetic properties of natural (natFe) and monoisotopic (56Fe) iron are 

almost the same. The excess of saturation magnetization (Js) for 56Fe in comparison with natFe is 4.6 %, the 

differences in the values of the coercive force (Hc), residual magnetic induction (Br) and maximum magnetic 

permeability (µmax) are explained by the difference in the content of impurities. This work is a continuation of 

work [1]. When carrying out it, the same objects of research were used as in [1], but they additionally annealed 

in high-purity dried hydrogen. The quasi-static and dynamic magnetic properties of the studied samples of 

natural (natFe) and monoisotopic (56Fe) iron were measured in this work at different values of the magnetic field 

strength and at different frequencies of the alternating magnetic field. The results obtained were compared 

with each other. 

The aim of this work is to obtain new data on the fundamental and structure-sensitive magnetic properties of 
natFe and 56Fe with decreased concentration of impurities in the samples and at increased values of the 

magnetic field strength. 
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2.  MATERIALS AND METHODS 

For the study, we used previously prepared 56Fe and natFe samples [1], the isotopic composition of which is 

shown in Table 1. 

Table 1 Isotopic composition of monoisotopic and natural iron, at.% [1]. 

Isotope 

Sample 
54Fe 56Fe 57Fe 58Fe 

natFe 5.843±0.027 91.758±0.062 2.118±0.013 0.281±0.026 

56Fe 0.004±0.001 99.945±0.002 0.040±0.001 0.011±0.004 

Two types of samples were made, differing in shape and geometric dimensions. The first type of samples had 

the shape of a parallelepiped and was intended to measure the magnetic properties by the method of vibration 

magnetometry [2-4]. The second type of samples had the shape of a ring with an outer diameter D = 15 mm, 

an inner diameter d = 11.5 mm, and a height h = 4.0 mm and is intended for determining the magnetic 

properties by the induction-pulse method in quasi-static and dynamic modes in accordance with GOST 8.377-

80 and GOST 12119.1-96 [5,6]. All samples were additionally annealed in a stream of dry hydrogen of grade 

"B" (purity 99.9999 %) at a temperature of 1100 °C for 6 hours, after which they were analyzed for impurities. 

Before determining the impurity composition, in order to exclude the influence of possible surface 

contamination, the surface of the samples was etched for 2 hours at 30 °С in a 15 % solution of hydrochloric 

acid of the high purity grade, further purified using a Savillex DST-1000 sub-boiling distillation system. 

The analysis of the impurity composition of iron samples was carried out by laser mass spectroscopy using an 

EMAL-2 device (USSR). 

The magnetic properties on parallelepiped samples with dimensions of 1.5x1.5x3.5 mm were measured using 

an automatic induction vibromagnetometer MagEq MNMS 216 (Russia) with a control program based on the 

LabVIEW8 package. The measurements were carried out at various temperatures in the range of 100-350K 

with a step of 50K. The maximum magnetic field strength was 1.79 T. Using the constructed hysteresis curves 

we judged the the saturation magnetization (Js) of the measured sample. 

Measurements of magnetic properties in quasi-static and dynamic modes were carried out on ring samples 

with an outer diameter D = 15 mm, an inner diameter d = 13.5 mm, and a height of h = 4.0 mm using an 

automatic measuring complex MK-3E (Russia) in accordance with GOST 8.377-80 and GOST 12119.1-98. 

The magnetic field strength varied from 108 to 10810 A/m. The frequency of alternating magnetic field during 

measurements in the dynamic mode was 50, 60, and 400 Hz. The values of the coercive force (Hc), residual 

magnetic induction (Br), saturation induction (Bs), rectangularity coefficient of the hysteresis loop (Kr) and 

losses during magnetization reversal (P) were determined. The relative error of measurments for a confidence 

coefficient of 0.95 was ± 2 % for Hc, ± 2 % for Br, and ± 2 % for Bs. The relative measurement error the points 

of the magnetic hysteresis loop and the main magnetization curve by induction is ± 1.5 %, by the magnetic 

field strength is ± 2 %. 

3.  RESULTS AND DISCUSSION 

The results of the analysis of the impurity composition of the natFe and 56Fe samples before and after their 

annealing in hydrogen, determined by mass spectrometry on the EMAL-2 device, are shown in Table 2. 

Comparing the results from Table 2, with the purity of the samples used for measurements in [1], it can be 

noted that additional annealing led to a significant (by 3 orders of magnitude) decrease in the oxygen content, 

the carbon content decreased by 8 - 10 times, and etching of the samples removed most of surface 
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contamination. After annealing, the content of impurities in natFe and 56Fe for most of the impurity elements is 

within the same limits and leveled off. 

Table 2 Results of analysis of the impurity composition of natFe and 56Fe samples before and after their  

             annealing in hydrogen. 

Element 
Concentration in natFe (wt%) 

 

Concentration in 56Fe (wt%) 

Before annealing After annealing Before annealing After annealing 

С 4∙10-4 2∙10-4 8∙10-4 1∙10-3 

О 1∙10-3 2∙10-4 1∙10-3 6∙10-4 

Na <2∙10-4 <2∙10-4 <2∙10-4 <2∙10-4 

Mg <3∙10-4 <3∙10-4 <3∙10-4 <3∙10-4 

Al <5∙10-4 n/a <5∙10-4 n/a 

Si 9∙10-2 n/a 1∙10-2 n/a 

Р 6∙10-3 6∙10-3 4∙10-4 7∙10-4 

S 4∙10-4 3∙10-4 3∙10-3 1∙10-3 

Cl <8∙10-4 <8∙10-4 <8∙10-4 <8∙10-4 

К <1∙10-3 <1∙10-3 <1∙10-3 <1∙10-3 

Са <1∙10-3 <1∙10-3 <1∙10-3 <1∙10-3 

Ti <1∙10-3 <1∙10-3 

 

<1∙10-3 <1∙10-3 

Cr 2∙10-3 2∙10-3 <8∙10-4 <8∙10-4 

Mn <7∙10-4 <7∙10-4 <7∙10-4 3∙10-4 

Со <8∙10-4 <8∙10-4 <8∙10-4 <8∙10-4 

Ni 3∙10-2 1.5∙10-2 3∙10-3 1.5∙10-3 

Zn <1∙10-3 <1∙10-3 2∙10-3 7∙10-4 

Ag <4∙10-3 <4∙10-3 <4∙10-3 <4∙10-3 

Table 3 shows the values of the saturation specific magnetization (σs) obtained on natFe and 56Fe samples at 

various temperatures in the range 100-350K using a MagEq MNMS 216 vibromagnetometer. In Table 3 Δ is 

the difference, % in σs values for these samples (Δ, %). 

Table 3 Values of specific saturation magnetization (σs) obtained on natFe and 56Fe samples at different  

 temperatures in the range of 100-350 K. 

Temperature (K) 100 150 200 250 300 350 

Saturation specific 
magnetization, σs 

(G∙cm3/g) 

natFe 169.1 167.6 166.7 166.7 166.3 165.6 

56Fe 188.3 186 184.8 184.1 183.9 183.6 

Δ (%) 11.35 10.98 10.86 10.44 10.58 10.87 

It can be seen from Table 3 that the values of the saturation specific magnetization, σs, for natFe at all 

measurement temperatures are lower than for 56Fe. The difference in values depending on the measurement 

temperature is 10.87-11.35 %. Accordingly, the saturation magnetization defined as Js = σs∙q, where q is the 

density of the material of the measured sample (for both samples, the value q = 7.78 g/cm3), for natFe at all 

measurement temperatures will be lower than for 56Fe [7-10]. Moreover, the difference in Js values depending 

on the measurement temperature will also be 10.87-11.35 %. It should be noted that in [1] this difference for 

room temperature was 4.6 %. 
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The magnetic properties of ring-shaped natFe and 56Fe samples after their annealing in hydrogen, measured 

in the quasi-static mode at various values of the magnetic field strength, are given in Table 4. 

Table 4 Quasi-static magnetic properties of ring samples of natFe and 56Fe after annealing in hydrogen 

Sample 
Magnetic field strength, 

Н  
(А/m) 

Coercive force, Нс 
(А/m) 

Saturation 
induction, Вs 

(T) 

Residual magnetic 
induction, Вr 

(T) 

Rectangularity 
coefficient of 

hysteresis loop Kr 

natFe 

500 92.3 1.37 1.23 0.9 

1000 96.9 1.44 1.27 0.88 

4000 98.2 1.62 1.28 0.8 

8000 101.7 1.74 1.28 0.74 

56Fe 

500 102.7 1.42 1.3 0.92 

1000 106.6 1.5 1.35 0.9 

4000 108.5 1.65 1.37 0.83 

8000 110.6 1.77 1.37 0.77 

It can be seen from Table 4, that an increase in the magnetic field strength (H) leads to an increase in all 

magnetic properties for both natFe and 56Fe. At any values of H, the magnetic properties of natFe are lower than 

those of 56Fe. The differences in the values with increasing magnetic field strength decreases for Hc and Bs 

and increases for Br and Kr. 

 

                                                     a                                                             b 

Figure 1 Field dependences of the coercive force (Hc) of the ring samples of natFe (a) and 56Fe (b), 

measured at a frequency of alternating the magnetic field f = 50, 60, and 400 Hz. 

 

                                                      a                                                             b 

Figure 2 Field dependences of the saturation induction (Bs) of the ring samples of natFe (a) and 56Fe (b), 

measured at a frequency of alternating the magnetic field f = 50, 60, and 400 Hz. 
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                                                      a                                                       b 

Figure 3 Field dependences of the value of the residual magnetic induction (Br) of the ring samples of natFe 

(a) and 56Fe (b), measured at a frequency of alternating the magnetic field f = 50, 60, and 400 Hz. 

 

                                                      a                                                        b 

Figure 4 Field dependences of the magnitude of losses during re-magnetization (P) of the ring samples of 
natFe (a) and 56Fe (b), measured at a frequency of alternating the magnetic field f = 50, 60, and 400 Hz. 

Figures 1-4 show the results of measuring the magnetic properties for the ring samples of natFe and 56Fe 

annealed in hydrogen in a dynamic mode at a frequency of an alternating magnetic field f = 50, 60, and 400 

Hz, depending on the magnitude of the magnetic field H. 

It can be seen that as the magnetic field strength increases, the change in Hc, Bs, Br, P and Kr is the same at 

any value of the magnetic field frequency. In all cases, the values of Hc, Bs, Br, P increase but it occurs with 

different intensities for different values of f. Thus, the values of Нс with an increase in the magnetic field strength 

from 0 to about 2 kA/m increase with the same intensity both at f = 400 Hz and at f = 50 Hz and 60 Hz. With a 

further increase in the magnetic field strength, the intensity of change in Hc at f = 50 Hz and 60 Hz strongly 

decreases, and at f = 400 Hz it remains practically unchanged (i.e., remains the same high). 

The intensity of change in Bs and Br values with an increase in H from 0 to 2 kA/m at f = 50 Hz and 60 Hz, 

significantly exceeds that at f = 400 Hz, but with a further increase in H at f = 50 Hz and 60 Hz, there is a strong 

decrease in the intensity of change in Bs and Br, in while at f = 400 Hz it remains very high in the entire range 

of increasing H. 

It can be seen from Figure 4 that the losses during re-magnetization of samples (P) of both natFe and 56Fe at 

f = 50 Hz and 60 Hz less dependent on the magnetic field strength than at f = 400 Hz: when magnetic field 

strength increases from 210 to 8884 A/m, the losses during re-magnetization increase by about 52.5 times at 

f=50 Hz and about 275 times at 400 Hz. The same is observed for the 56Fe sample as well. 
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As we see, the changes in the magnetic properties of the natFe and 56Fe samples with an increase in the 

strength H and frequency f of the alternating magnetic field are identical. The difference is only in the values 

of these magnetic properties. 

4.  CONCLUSION 

1) The saturation magnetization Js of 56Fe is higher than that of natFe in the temperature range from 100 to 

350 K. At room temperature, this excess (Δ) is 10.87 %. When the temperature changes to 100K, Δ 

increases to 11.35 %. 

2) The values of saturation induction Вs and residual magnetic induction Br for 56Fe are higher than for 
natFe. This excess Δ depends on the strength of the magnetic field H. With an increase in H from 500 to 

8000A / m, the value of Δ for Вs decreases from 3.65 to 1.72 %, and for Br, increases from 5.69 to 

7.03 %. 

3) The magnitude of the specific losses during re-magnetization P, for natFe and 56Fe samples at any value 

of the strength of the alternating magnetic field H, strongly depends on its frequency f. An increase in f 

with a simultaneous increase in H leads to a strong increase in P. 

4) The difference in the values of the coercive force Нс for the natFe and 56Fe samples is due to the 

difference in the grain size of the samples and in the purity of the materials with respect to impurities 

and, first of all, with respect to carbon. 

5) The dependence of the value of P on H and f correlates with the dependence of Hc on H and f. A 
decrease in Hc should lead to a decrease in P and can be achieved by further increasing the purity of 

the material of the samples in terms of soluble (mainly interstitial) and insoluble impurities. 
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Abstract  

The production of High carbon ferromanganese industry worldwide is facing gigantic challenges due an ever-

increasing production cost that is mainly due to the yearly increase of electricity and the depletion of 

metallurgical coke. The power supply in some part of the world has become a challenge therefore impacting 

the productivity and slowing the growth of economies. Due to the depletion of metallurgical coke, alternative 

carbonaceous materials that would efficiently sustain the carbothermic reduction. The current paper depicts 

some of the challenges and presents some prospects and directions that are being tried as rescue measures.  

A number of laboratory bench-scale results are presented and enjoy being of good prospects. 

Keywords: Metallurgy, High carbon ferromanganese, challenges, prospects   

1. INTRODUCTION 

 Magnaese is one of the required additives in the from of ferroalloys to enhance steel properties. From the 

worldwide production of manganese, 90 % is consumed in the steel industry. High carbon ferromanganese, 
refined ferromanganese, low carbon ferromanganese and silicomanganese are the four major groups of alloys 

marketed manganese alloys. The industrial practice for the production of manganese ferroalloys is based on 

carbothermic reduction of manganese oxides. Another process using aluminum to reduce manganese oxides 

was also developed [1]. Electric furnaces and Blast furnaces are used [2]. The heating process of the former 

is based on electrical energy and the reduction using coke as reducing agent. The later uses coke for supplying 

heat requirements and as reducing agent. The disadvantage remains with high coke consumption and high 

MnO content in the slag and the manganese reporting in the off-gases. Although it has been widely reported 

that electric furnaces present many advantages such as high yield of manganese form the manganese ore, 

consumption of carbon considerably reduced compared to Blast furnaces, ability to produced different types 

of alloys, it remains a great question to find a solution to is the increasing cost of production due to the ever-

increasing cost of energy.  

1.1. Manganese deposits 

Several manganese deposits are found in different countries worldwide with different mineralogical 

compositions. The deposits are located in the Kalahari Manganese Field (KMF). Two types of ores are found 

with one rich in carbonates and the other bearing predominantly braunite [3,4]. The manganese ore in Australia 

is rich in pyrolusite and cryptomelane [5], but some other are rich in psilomelane and hollandite with sometimes 

high in barium [6]. The Gabonese deposit to the Australian manganese deposit. The difference between the 

two is that the porosity is higher for the Gabonese deposit. The brazilian deposit is mainly composed of 

cryptomelane, todorokite and pyrolusite. China has the largest mine output averaging 22 % containing high 

phosphorus and iron [7]. Kazakhstan and Ukraine have low grade compsed mainly by carbonates. Georgia 

has also low grade material while India has medium grade material in addition to low grade. The composition 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

66 

of the manganese ore plays a vital role during the carbothermic reduction of manganese [8]. To improve the 

recovery and the efficiency in energy consumption, a blend of manganese ores is applied when both electric 

and Blast furnaces are used.   

Figure 1 below depicts the percentages of different ferroalloys produced by region.  

  

  

Figure 1 Percentage production of various ferroalloys by region in 2010 [2] 

1.2. Carbon materials 

Coal remains the main source of carbon. I submerged arc furnaces, coal cannot be used directly as reductant 

due to safety and environmental reasons. In order to select the reducing agent, a variety of considerations 

have to be taken into account namely availability, cost, process requirements, products requirements and gas 

emissions. The smelting productivity, reduction process and efficiency are affected by the physical properties 
of the carboneceous materials [10]. The energy consumption, the amount of reductants to use and the product 

quality are influenced by the chemical composition of the reductant used. The freight cost for charcoal is high 

because of its low weight. The freight price is based on the volume than the weight. The ferrosilicon industry 

has chosen the use of charcoal more advantageous due to low ash content. However, in the manganese 

industry, the use of charcoal is not easy. The leaning toward charcoal will make this commodity scarce, 

therefore new challenges are on the card. Also, with the metallurgical coke being now at high demand due to 

high outputs in the iron and steel industry, the scaricity of both metallurgical coke and charcoal pushes the 

manganese insdustry into looking at new materials and processing, ways of decreasing energy consumtpion, 

developping new technologies to takle environmental challenges that affect the profit margins in the 

manganese industry.  

2 

3 4 

1 
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2. CHALLENGES IN THE MANGANESE INDUSTRY 

2.1. Challenges due to mineralogical composition of the manganese ore 

 

Figure 2 Typical example of mass and energy balance during high carbon ferromanganese [12] 

The composition of raw material is a key player in the production of high carbon ferromanganese. Amongst 

other parameters are the Mn/Fe ratio. The challenge that Mn/Fe in a manganese ore is that low Mn/Fe ratio 

leads to high coke consumption and high electrodes consumptions with low manganese recovery [11]. The 

moisture content, state of oxidation of manganese in the ore, any carbonates present in the manganese ore 

influence the mass and energy balances. Water evaporation, carbonates decomposition are high energy 

consumming steps in the production of high carbon ferromanganese while the presence of high manganese 

oxides in the ore is beneficial to the energy consumption because reduction of higher oxides is higly 
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exothermic. A typical example of the energy balance and mass balance based on the mineralogy of the ore is 

presented in Figure 2 below. It transpires that water eveaporation alone is 6 % of the energy consumption 

whereas carbonates decomposition amounts to 7 % of the energy consumption. Moisture removal might be 

controlled same way for different manganese ores, but carbonates decomposition depends on the mineralogy 

of the ore. Further, it is noted that the presence of MnO2 in the ore has a positive contributing factor to the 

overal energy consumption. However, if one assumes that the manganese ore does not contain MnO2 but 

Mn2O3, the impact of the absence of MnO2 reduction to Mn2O3 is that the energy consumption will increase 

considerably. The consequence is the cost of production increases especially for electric furnaces due to ever-

increasing electricity price. This constituites a great challange because the composition of the ore is critical not 

only on the quality of the products, but on the cost of the process due to energy consumption. Reactions are 

grouped in exothermic and endothermic. Exothermic reactions are essentially reduction of MnO2 to Mn2O3, 

reduction of Mn2O3 to Mn3O4, reduction of Mn3O4 to MnO, reduction of Fe3O4 to Fe, C = C (dissolution of carbon 

into the molten metal) while Endothermic reactions are MgCO3 decomposition to MgO and CO2, water 

evaporation, CaCO3 decomposition to CaCO and CO2, Boudouard reaction (C + CO2 = 2CO), reduction of 

MnO to Mn (highly endothermic) and partial reduction of SiO2 to Si (reports to the metal). Furthermore, the 

quality of the burden is another factor is challanging. The permeability of the bed, when not well managed lead 

to poor gas circulation. This is governed by the composition of the feed. In case, sinters were made out of a 

manganese ore which contains carbonates, it may, after a certain time of storage encounter desagregation 
due to possibly occuled gas during sintering which took palce while calcining was also taking place. Occuled 

gas may also, if no desintegration took place before feeding the furnace, be liberated during reduction due to 

high temperature and lead to desintegration, therefore decrease the permeability of the bed. 

2.2. Challenges due to gas emissions 

Emissions emanating from off-gas are complicated to solve compared to those from dusts emissions. Two to 

three-stages wet scrubbers are used to collect uncombusted CO gas for closed manganese alloys furnaces 

[13-15]. Although nowadays most of the air pollution problems are solved satisfactorily, the main challenges 

remain with water pollution. The presence of heavy metals, polycyclic Aromatic Hydrocarbons (PAC), 

suspended solids and possibly dissolved cyanides is the major challenge. Additionally, the CO/CO2 ratio in the 

off-gas is is important since it has a tremendous influence on the water pH value. This implies that the variation 

of reducing conditions has an impact on the acididty of water. Further, the presence of mercury in the off-gas 

is detrimental to the environment, therefore a number of processes for mercury removal have been required 

with new technologies being developped. 

3. NEW DIRECTIONS AND PROSPECTS 

In order to draw new directions a number of steps can be considered. Testing different new raw materials, 

testing new reductants that would improve the environmental impact of the ferromanganese industry, 

Development of new technologies: new reactors for ferroalloy production and energy, introduction of artificial 

intelligence to improve the prediction and monitoring of processes, vaste campain of recrutement of scientists 

to refelect on the future without coke and coal can be envisaged to find new and effiecient direction. 

4. SOME INDICATIONS ON NEW MATERIAL 

A number of focused investigations on the use of new material are ongoing. Fuel biobased have been tested 

to replace coke breeze in the iron ore sintering process.  This has been driven by reports that the reactivity of 

biobased fuels is considerably higher than that of coke breeze due mainly to their higher porosity and surface 

area [16]. Partial replacement of coke breeze during ironmaking in the Balst furnace in the sintering section 

has been found successful [16]. Some studies on the possible use of biomass using the South African 

manganese ores were conducted and as preliminary results were generated. The use of raw macadamia nut 
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shells for the reduction of manganese ore has been tested. It was found that macadamia nut shells have great 

potentials of replacing the conventional reductants used so far. The separation of slag from the metal remains 

a challenging factor and needs imporvement [17]. Pam Kernel Shells were also tested as a replacement of 

coke. Results have shown good prospect. The extraction of manganese amounted to close to 50 % whereas 

it was around 45 % when charcoal was used [18]. The prospect of replacing current generic reducing agents 

is considerable coupled with further detailed investigations on sizes and possible improvements of the raw 

materials used as coke repalcement. Their impact on the recovery and the quality of end products needs 

thourough research and possibly innovation technology should accompany the walk on the new road. Not only 

that new carboneceous materials should only be used as reductants, but test their contribution toward energy 

consumption as well. 

5. CONCLUSION 

Current challenges that the manganese industry if faced with, a new dynamic, trials and errors can be permitted 

to find new ways and innovative solutions to metallurgical coke replacement, reducing agents consumption 

with impact on energy consumption.  Organizing discussion and research groups around these topics would 

considerably contribute to accelerating findings to these major challenges that the manganese industry 

encounter today he paper must contain conclusion. The conclusion should summarize the findings and explain 

the implications of the paper. Conclusion contains no new data or findings. 
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Abstract  

During last decades, extracting value-added products from industrial waste materials became a crucial 

research area because it not only provides valuable products but also mitigates the problem with disposal of 

these wastes and, at the same time, it facilitates saving natural resources. Various dense media for industrial 

separations are based on a variety of raw materials or commercially manufactured materials, such as clay, 

quartz, slate, galena, magnetite or ferrosilicon. Studies using industrial wastes for this purpose are very scarce 

and relate namely to zinc-lead waste or silicon-based waste; using such solids can provide required density 

but hinders the subsequent magnetic separation of the solid from the separation medium (which can be 

achieved if magnetic solid is used). 

To address the aforementioned challenge, this study is focused to industrial materials produced in huge 

quantities (metallurgical wastes, power station ashes) and/or their fractions containing higher iron levels in 

order to find a suitable substituent for magnetite in terms of their utilization for dense medium (coal) cleaning 
applications. Particular attention is paid to evaluation of the density of these materials and/or their fractions, 

which predetermines their applications in dense medium separations. 

Keywords: Material recovery of waste, coal, dense medium, density, magnetic separation 

1. INTRODUCTION 

Coal is one of the most important sources of energy in the world; it provides approximately 28 % of the world's 

energy (BP Statistical Review of World Energy; 2017) [1]. The worldwide method for the treatment of coal as 

well as its enrichment is the separation of coal in a heavy suspension, the principle of which is based on the 

difference in density between coal and tailings enabling the separation of these materials. 

The solid phase used for the suspension preparation should meet at least the following criteria: the solid 

particles must have at least twice the required density of the suspension, be insoluble in water and must not 

react with the raw material; the solid particles should be also resistant to abrasion, because an increase in the 

proportions of fine particles during the separation and regeneration of the suspension causes an increase in 

the viscosity of the separation medium. The suspension formed should exhibit a low viscosity, high stability 

and it must not be harmful to health [2,3]. The most widely used separation medium is a suspension of fine 

magnetite in water, a suspension of ferrosilicon or a mixture there of, based on the desired separation density. 

Density of heavy suspensions used for separation of coal (depending on the technology and the number of 

separation steps) falls within the range 1.25 - 2.0 g/cm3 [2]. Using magnetite, the suspension reaches a density 

of up to 1.25 - 2.2 g/cm3 and using ferrosilicon it is approximately 2.2 - 2.9 g/cm3 depending on the technological 

requirements. To form a magnetite suspension, 500 g of fine magnetite (5.0 g/cm3) per liter of suspension is 

used, which is a magnetite content of 10 % by volume. (35 wt%), the suspension density is 1.4 g/cm3. The 

advantages of using magnetite include corrosion resistance and excellent magnetic regeneration [4].  
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Other less widely used high-density substances to produce heavy suspensions are, for example, silica sand 

(2.65 g/cm3), barite (4.5 g/cm3), pyrite (5.0 g/cm3) or slate (2.65 g/cm3) [5]. Silicon sand was used for the 

purpose of separation with particle size below 100 µm, but it is not used today. Barite has been used to prepare 

heavy suspensions so far, but its regeneration is difficult because barite cannot be magnetically regenerated 

[6]. Unlike barite or silica sand, regeneration of magnetite from the used suspension is very efficient; 

nevertheless, there is still some loss of material during regeneration. At present, the price of magnetite or other 

materials used for this purpose is very high and raw material stocks are gradually declining [7]; therefore, 

suitable substituents are intensively sought after. 

At the same time, due to vast amount of industrial wastes produced annually all over the world, extracting 

value-added products out of these wastes is a global concern. It not only provides valuable products but also 

mitigates serious waste disposal problems and facilitates saving natural resources. To address the 

aforementioned challenges, this study is focused to industrial materials produced in huge quantities 

(metallurgical wastes, power station ashes) in order to find a suitable substituent for magnetite in terms of their 

utilization for dense medium (coal) cleaning applications. Attention is paid to evaluation of the density of these 

materials, which predetermines their applications in these (dense medium) separations.   

2. MATERIALS AND METHODS 

2.1. Samples and analysis 

In order to find the wastes with suitable density (for dense medium separations), various industrial wastes 
materials were collected - coal combustion ashes from stoker power station and fluidised-bed power station 

and metallurgical wastes from various processes; for the comparison, two commercial magnetites were 

evaluated as well. Detailed description of the studied samples is summarized in Tables 1 and 2. 

As power station ashes exhibit typically low densities, magnetic fractions were separated out of them manually 

by hand-held magnet, which is practical also with the view of the potential regeneration of the prepared 

suspension.  

In order to evaluate the effect of particle size on the sample density, particle-size fractions were prepared by 

dry separation of 100 g of sample on sieves for 5 minutes. All samples were then dried at 105 °C for 2 hours 

according to the standard ISO 8833:1989 [8]. The densities of the samples were determined by helium 

pycnometry on Pycnomatic ATC (Thermo Scientific, USA) automatic pycnometer. 

2.2. Calculation of the solid concentration in suspension with required density 

The weight of solid phase (�<) required to obtain a heavy suspension of a given density and volume of water 

(=>)  (δ=1000 kg⋅m-3) in this suspension can be calculated as [6]: 

�< � @ ∙ AB+�CCCD+�CCC                (1) 

=> � D+ABD+�CCC               (2) 

where: �& - solid phase weight (kg), EF - required suspension density (kg⋅m-3), @  - solid phase density (kg⋅m-3) 

and =G   - volume of liquid phase (m3) 

The required volume concentration of the high density solid (H* and the volume of the solid phase (=<* to form 

the desired density of the suspension are calculated as: 
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=< � IJD                 (3) 

=K � => L =<               (4) 

H � MJMB ∙ 100               (5) 

where: =<  - solid phase volume (m3), =K - suspension volume (m3) and H  - volumetric concentration of high 

density solid (%) 

3. RESULTS AND DISCUSSION 

3.1. Densities of the studied waste materials 

Densities of metallurgical wastes are given in Table 1 and those of magnetic fractions prepared from coal-

combustion power station ashes are given in Table 2.  

Table 1 Densities of the metallurgical wastes and commercial magnetites 

Materials Particle-size fraction (mm) Density (kg⋅m-3) 

Steelworks discard < 0.045  2970 

Steelworks discard 0.045 - 0.053  3010 

Steelworks discard 0.053 - 1.0  4250 

Steelworks discard, water leached 0.053 - 1.0  4370 

Sinter dust, water leached Bulk sample 4090 

Electric arc furnace dust < 0.025  4100 

Electric arc furnace dust 0.025 - 0.045  4100 

Electric arc furnace dust 0.045 - 0.053  4010 

Electric arc furnace dust > 0.053  4050 

Electric arc furnace dust, water leached 0.045 - 0.053  4240 

Electric arc furnace dust, water leached > 0.053  4230 

Steelworks dust slurry Bulk sample 4490 

Scale < 0.025  5020 

Scale 0.025 - 0.045  5010 

Scale 0.045 - 0.053  5080 

Scale > 0.053  5270 

Scale, water leached 0.045 - 0.053  5090 

Scale, water leached > 0.053  5300 

Commercial magnetite 0.01 5120 

Commercial magnetite 0.1 5130 

Table 2 Densities of the magnetic fractions from coal combustion power station ashes 

Materials Particle-size of magnetic fraction (mm) Density (kg⋅m-3) 

Bottom ash, stoker coal combustion plant 0.2 - 0.6 3350 

Bottom ash, stoker coal combustion plant 0.6 - 1.0 3120 

Fly ash, stoker coal combustion plant 0.1 - 0.2 3300 

Fly ash, stoker coal combustion plant 0.2 - 0.4 3100 

Bottom ash, fluidised-bed coal combustion plant 0.2 - 0.4 3130 
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Densities of all magnetic fractions of coal combustion ash, regardless of the type of ash (fly ash and bottom 

ash), power plant or particle-size, are very low (3100 - 3350 kg⋅m-3) compared to commercial magnetites (5120 

- 5130 kg⋅m-3). On the contrary, the densities of the metallurgical wastes are more suitable; with a few 

exceptions, they are mostly higher than 4000 kg⋅m-3 and the effect of the type of the metallurgical waste is 

more pronounced. The highest densities (similar to those of commercial magnetites) were observed for scale 

samples (5020 - 5270 kg⋅m-3); quite high values were obtained also for steelworks dust slurries (4490 kg⋅m-3) 

and electric arc furnace dusts (4050 - 4100 kg⋅m-3).  

Unlike steelworks discard (that is rather heterogeneous), in case of electric arc furnace dust and scale samples, 

the effect of particle size on the density was quite low. 

Leaching the samples in demineralized water did not bring about any significant change in density; the density 

of scale samples remained nearly unchanged, in case of steelworks discard (0.053 - 1.0 mm) the density 

increased only by 120 kg⋅m-3 and in case of the electric arc furnace dust samples (> 0.053 and 0.045 - 0.053 

mm) it increased by 180 kg⋅m-3 and 230 kg⋅m-3, respectively. 

3.2. Percentages of the high density solids in suspensions with required density 

The density of the solid materials is evaluated namely in relation to the percentage of this solid needed for the 

preparation of the dense medium suspension of the required density (that corresponds with the densities of 

the separated minerals, coal etc.) For easier evaluation, Figures 1-3 depict the relationships among the 

density of the solid, required final density of the suspension and the percentage of the solid needed for the 

preparation of such suspension. The studied solid materials were divided into three groups (three diagrams) 

according to their densities - Figure 1 evaluates all materials with the densities up to 3350 kg⋅m-3, Figure 2 

depicts materials with the densities within the range of ca. 4000 - 4500 kg⋅m-3 and the materials with the highest 

densities (> 5000 kg⋅m-3) are summarized in Figure 3. 

In general, the lower is the density of the solid, the higher is the percentage needed for the preparation of the 

dense medium suspension. Nevertheless, the percentages of the solids cannot increase unlimitedly due to 

viscosity problems in case of higher concentrations. For example, if the suspension density of 2100 kg.m-3 is 

to be prepared, the volumetric concentration of the solid with the density of 3000 - 3350 kg.m-3 is ca. 45 - 55 % 

(Figure 1) which could result in viscosity problems. If the density of the solid is ca. 4000 - 4500 kg.m-3, then 

the volumetric percentage 30 - 45 % should be sufficient and in case of the magnetites of scales (with densities 

exceeding 5000 kg.m-3) only ca. 25 - 28 % vol. can be used. Therefore, the magnetic fractions separated out 

of coal combustion ashes are not suitable for the preparation of the higher-density suspensions; nevertheless, 

they can be used for the preparation of the suspensions with lower densities. 

 

Figure 1 Percentages of the solid materials with the densities up to 3350 kg⋅m-3 needed for the preparation 

of the suspension of a model density of 1300, 1700 and 2100 kg⋅m-3 
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Figure 2 Percentages of the solid materials with the densities 4000 - 5000 kg⋅m-3 needed for the preparation 

of the suspension of a model density of 1300, 1700 and 2100 kg⋅m-3 

 

Figure 3 Percentages of the solid materials with the densities > 5000 kg⋅m-3 needed for the preparation of 

the suspension of a model density of 1300, 1700 and 2100 kg⋅m-3 

4. CONCLUSION 

The main objective of this study was to find a suitable waste material as a potential substitute for magnetite, 

used as a solid phase for the preparation of heavy suspensions with the required density. Specifically, the 

study evaluates the densities of various waste materials from metallurgical industry and power stations. 

The densities of the magnetic fractions of power-station ashes are quite low (3100 - 3350 kg⋅m-3) compared to 

commercial magnetite (ca. 5000 kg⋅m-3); hence, such solids cannot be used for the preparation of the 

suspensions with higher densities due to extremely high viscosities. Nevertheless, these magnetic fractions 

could be used for the preparation of suspensions in the density range of about 1200 - 1600 kg⋅m−3, where the 

volumetric concentration of the solid would not exceed 40 %. Moreover, the separation of the magnetic 

fractions out of power station ashes could be a promising way of decreasing iron content in ashes where higher 

iron levels hinder their further technological use (e.g., in another industrial branch).  

In contrast, the density of scale (5010 - 5300 kg⋅m-3) is similar to that of magnetite (ca. 5000 kg⋅m-3) and it is 

high enough to be used for the production of the suspensions with higher densities.  

0

10

20

30

40

4010 4050 4090 4100 4100 4230 4240 4250 4370 4490

V
o

lu
m

et
ri

c 
co

n
ce

n
tr

at
io

n
 

o
f 

h
ig

h
 d

en
si

ty
 s

o
lid

 (
%

)

Solid phase density (kg.m-3)

suspension density 1300 kg.m-3 suspension density 1700 kg.m-3

suspension density 2100 kg.m-3

0

5

10

15

20

25

30

5010 5020 5080 5090 5120 5130 5270 5300

V
o

lu
m

et
ri

c 
co

n
ce

n
tr

at
io

n
 

o
f 

h
ig

h
 d

en
si

ty
 s

o
lid

 (
%

)

Solid phase density (kg.m-3)

suspension density 1300 kg.m-3 suspension density 1700 kg.m-3

suspension density 2100 kg.m-3



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

76 

Other investigated waste materials such as sinter dust, electric arc furnace dust and steelworks dust slurry 

exhibit a density falling within the range 4000 - 5000 kg⋅m-3, which could also be used for the preparation of 

higher-density suspensions.  

The densities of the studied materials were not significantly affected by leaching in water, which is a promising 

observation in terms of their multiple use. 
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Abstract 

The specific heat capacity of substances is one of the determining thermal technical properties of technical 

materials such as steels influencing their heating or cooling. Knowledge of their values is necessary for 

accurate calculations of processes such as solidification during casting in the form of continuously cast billets 

or ingots and during heating before forming processes or during heat treatment of finished products. The paper 

deals with several computational possibilities of determining the specific heat capacity of steels depending on 

the composition and temperature. Results are being compared with measurements using thermal analysis 

methods.  

Keywords: Specific heat capacity, steel, properties, thermal analysis, modeling 

1. INTRODUCTION  

Modern production of steel and steel products requires precise process control during production and 

processing. not only due to the growing demands on product quality, but also due to the reduction of the 

environmental burden and financial savings in the form of energy savings [1]. Optimization of production and 

processing processes (casting, forming, heat treatment, etc.) work with models that require knowledge of 

material properties as input information. The basic thermophysical properties, the knowledge of which is 

crucial, include the specific heat capacity. Its values can be measured or calculated in various ways. The paper 

deals with selected methods of computational determination, including comparison with experimentally 

measured values. 

2. SPECIFIC HEAT CAPACITY 

The specific heat capacity is the amount of heat that needs to be supplied to the system to heat it by 1 °C (K). 

Its unit is J⋅kg⋅K-1. It represents a measure of the ability of substances to absorb heat [2]. Heat capacity can 

be calculated based on empirical rules. According to the Neumann Kopp rule, the heat capacity of a compound 

is equal to the sum of the molar heat capacities of the elements multiplied by the molar fractions of the elements 

of which it is composed [3]. 

 4�,INOPQ � �. 4�,IN L R. 4�,IP � �. SN. T�N L R. SU . T�P    (1) 

where: 

 Cp,m  - molar heat specific capacity at constant pressure (J·K-1·mol-1) 

 x, y  - molar fraction (1) 

 M - molar weight (kg∙mol-1) 

For thermodynamic calculations it is necessary to know the dependence of molar heat capacity on 

temperature. This is expressed by the power series. In practice, the form is often used [4]: 
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4�,I � � L V& L T&+� L W&+�     (2) 

where: 

 Cp,m  - molar heat specific capacity at constant pressure (J·K-1·mol-1) 

 a, b, c, d   - constants based on measurements (1) 

T - temperature (K) 

Combination of equation (1) and (2) with data valid for pure metals leads to equation (3), where specific heat 

capacity is a function of composition and temperature: 

T�'	,  /* � ∑  ∑ V
,! ⋅ 	
 ⋅ /!�!"C�
"C   (3)  

where: 

 A  - fraction of element in alloy (wt.%) 

 t  - temperature (°C) 

If phase transformations occur in the metal, the temperature dependence of Cp, m is no longer continuous [5]. 

3. USED METHODS 

During the experiments the specific heat capacity of 34 iron-based alloys in temperature range from 30 to 

1580 °C was measured, the range of composition is in Table 1: 

Table 1 Composition of used alloys 

wt.% C Ni Cr O P S Mn Al Cu Fe 

min 0.002 0.000 0.005 0.000 0.000 0.000 0.012 0.000 0.005 balance 

max 1.563 5.000 4.960 0.090 0.006 0.068 0.086 0.014 0.024 balance 

average 0.341 2.586 2.584 0.017 0.004 0.016 0.038 0.006 0.011 balance 

3.1. Differential scanning calorimetry 

Thermal analysis methods are often used to obtain thermophysical and thermodynamic properties [2]. There 

are several techniques for measuring specific heat capacity. The most common method is differential scanning 

calorimetry (DSC) [3,4]. The term DSC is most often referred to as heat flux DSC. Both samples are located 

on separate temperature sensors in a common calorimetric cell. The temperature difference of the samples 
connected by the thermal bridge is measured (the difference between the heat flux rates into the sample and 

the reference, which is proportional to the temperature difference). The difference between the heat fluxes of 

the observed sample and the reference is measured. The first measurement is performed with an empty 

measured and compared crucible (blank). The second measurement is performed with a standard with a 

known weight and heat capacity in the measured crucible and an empty crucible being compared. The third 

measurement is performed with an examined sample. All measurements have the same temperature program. 

The heat capacities of all analyzed alloys were observed in the temperature range of 30 - 1580 ° C using 

Setaram Sensys Evo TG / DSC devices (in the range of 30 - 700 °C) and Setaram MHTC 96 line (in the 

temperature range of 500 - 1580 °C). 

3.2. Regression techniques 

Three methods of regression were used in this work: classic linear regression based on least square method 

which is well known and lies behind many empirical equations used in material engineering [7-9]. In addition 

two methods from machine learning area were applied on gained dataset - totally over 55 thousand samples 
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of 34 cases (alloys). First was gaussian process regression (GPR) - a non-parametric Bayesian approach 

to regression avoiding overfitting by defining a function distribution and setting a prior distribution of unlimited 

possibilities over the function directly. GPR represents a generic supervised learning method designed to solve 

regression classification problem generalizating well due to its preference to a smooth function that accurately 

explains the training data without manual parameter tuning as has been the case of ANN [10]. Another 

advantage of using GPR is avoiding overfitting problems known from artificial neural networks [11]. Exact form 

of used covariance function determining the performance of model used in this work was Matérn 5/2. 

Decision tree learning or induction of decision trees is one of the predictive modelling approaches used in 

statistics, data mining and machine learning. It uses a decision tree (as a predictive model) to go from 

observations about an item (represented in the branches) to conclusions about the item's target value 

(represented in the leaves). Tree models where the target variable can take a discrete set of values are called 

classification trees; in these tree structures, leaves represent class labels and branches represent conjunctions 

of features that lead to those class labels. Decision trees where the target variable can take continuous values 

(typically real numbers) are called regression trees. Decision trees are among the most popular machine 

learning algorithms given their intelligibility and simplicity [12,13]. 

4. RESULTS 

Abovementioned techniques were used to predict specific heat capacity of selected alloy. Composition of alloy 

is in the Table 2:  

Table 2 Composition of used alloys (wt.%) 

C Ni Cr O P S Mn Al Cu Fe 

0.002 5.000 0.009 0.032 0.004 0.004 0.023 0.006 0.014 94.906 

Results were compared with measured values and with values computed by commercial software JMatPro 

[14] and part of in-house developed SW Tefis [15] which uses equation (3) for computation of material 

properties. Figures 1 and 2 show that linear regression, computation according to equation (3) (Woelk) and 

Gaussian process regression fails in describing in temperature ranges with phase change. JMatPro 

computation is significantly closer to measured values but still does not fit the peaks in apparent heat capacity 

caused by heat of phase change. 

In simulations of casting an enthalpy function (dependance on temperature) is often used [1] therefore 

Figures 3 and 4 show specific enthalpy depending on emperature. It can be seen that linear regression and 

aproach based on equation (3) falls behind the rest of presented method. The best agreement was achieved 

  
Figure 1 Comparison of various methods for cp 

determination [own] 

Figure 2 Comparison of various methods for cp 

determination [own] 
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again with using of decision tree regression and JMatPro. As for the specific enthalpy, also Gaussian Process 

Regression performs well. Closer look on two best approaches shows that vast majority of predicted values of 

specific enthalpy by decision tree regression have an relative error up to 1 % and overperforms even 

commercionally available SW JMat Pro (Figure 5). Plotting predicted vs. values of specific enthalpy computed 

from measured specific heat capacity (Figure 6) shows good performance of both selected models for further 

evaluation. Coefficient of determination for model based on decision tree is 0.999, and for JMatPro model 

0.995 which shows strong relation between predictions and measurement. Overal performance by means of 

coefficient of determination and root mean squared error of all approaches tested in this work is in Table 3. 

Table 3 Composition of used alloys (wt.%) 

Model Woelk JmatPro Linear GPR_matern Tree 

Specific heat capacity 

R2 0.102 0.05 0.052 0.167 0.968 

Specific enthalpy 

R2 0.957 0.995 0.958 0.985 0.999 

Specific heat capacity 

RMSE 0.1826 0.4252 0.1914 0.6389 0.0407 

Specific enthalpy 

RMSE 0.1221 0.0667 0.1376 0.0539 0.0034 

  
Figure 3 Comparison of various methods for 

specific enthalpy determination [own] 

Figure 4 Comparison of various methods for cp 

determination [own] 

  
Figure 5 Relative error - predicted vs. measured 

values of specific enthalpy [own] 

Figure 6 Comparison of selected methods for 

specific heat determination [own] 
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5. CONCLUSION 

Results obtained by different approaches shows that as for specific enthalpy differences in performace almost 

vanish and effect of prediction failure due to underestimating or overstimating of phase change effect on values 

of apparent heat capacity is being smoothed. Classic approach based on weighted averaging (Woelk model), 

linear regression and Gaussian process regression leads to loosing information about phase transition - peaks 

on specific heat capacity curves are being cut off. More exact results as for cp gives JMatPro and especially 

using of decision tree method which accurately describes specific heat and enthalpy dependance on 

temperature. However for application where specific enthalpy is satisfactory for computation, all presented 

methods are suitable. Applicability of all methods is of course limited by available data for creating of a model. 
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Abstract 

The crystallization features of nodular cast iron alloyed with 19-25 % Al have been investigated. Using the 

Thermo-Calc computer program, polythermal sections of the phase diagrams of the quaternary Fe-Al-C-Si 

system were obtained on an aluminum scale from 0 to 40 % with varying carbon and silicon contents between 

1.5-2.5 and 1.0-2.0 %, respectively. The obtained results allowed us to identify the sequence of phase 

transformations during primary and secondary crystallization of cast iron. It has been established that the 

crystallization of cast iron begins with the separation of primary graphite crystals from the liquid phase. Then, 

a double eutectic crystallizes, consisting of a solid solution based on aluminum-doped ferrite and graphite (α 

+ CGr). With an increase of silicon content to 2 %, a triple eutectic appears, consisting of aluminum alloyed 

with ferrite, graphite and aluminum carbide Al4C3 (α + CGr + Al4C3). After that, the maximum alloyed with 

aluminum ferrite is released from the remainder of the liquid phase. Upon subsequent cooling of cast iron due 
to a decrease in the solubility of aluminum and carbon in the α phase, Al4C3 carbide is released from it. These 

data are consistent with the results of thermographic studies. The study of the structure of sand cast iron 

castings, showed that it generally corresponds to expectations of polythermal sections and thermographic 

analysis. But different in details. So, in cast iron, instead of the expected Al4C3 carbide, iron - aluminum carbide 

is formed, which is close with composition to Fe1.5AlCx. 

Keywords: Aluminum cast iron, crystallization, phase transformations, structure 

1. INTRODUCTION  

Highly alloyed alloys in which expensive chromium and nickel are the alloying elements are widely used as 

heat-resistant materials [1,2]. However, the life of working parts made by heat-resistant alloys is limited, and 

as higher the working temperature as shorter it is. This leads to increasing of costs for maintaining the units in 

working condition. In this regard, reducing the cost of heat-resistant products while increasing or maintaining 

their performance, including service life, is becoming a very urgent task. 

One of the promising variants is the manufacture of such parts from cast iron with spherical graphite alloyed 

by 19 - 25 % of Aluminum [1,3,4]. Castings from such cast iron are heat resistant at high temperatures both in 

air (up to 1100 °C) and in environments containing sulfur, sulfur dioxide, vanadium oxides and water vapor. In 

addition, they can functionally work as wear-resistant products having high strength at normal and high 

temperatures. Moreover, it is easier and cheaper than castings from high alloy chromium and chromium-nickel 

steels and cast irons of a similar purpose. 

Previous studies [1,3-10] made it possible to establish the influence of components on the structure and 

properties of cast iron, to evaluate its casting and operational properties, to develop technological parameters 

of melting, casting, and heat treatment of castings. However, at present, the potential of high-alloyed aluminum 
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cast iron is not fully realized. One of the constraining factors is the insufficient knowledge of the laws of its 

crystallization and structure formation. Therefore, the present work is devoted to the study of these aspects. 

2. EXPERIMENTAL PROCEDURE  

The object of the study was high-alloy aluminum cast iron with the following content of components, % of mass: 

1.6-2.5 C; 1.0-2.0 Si; 19.0-25.0 Al; ≤ 0.8 Mn; ≤ 0.03 S; ≤ 0.02 % P. Cast iron was melted in an induction crucible 

furnace with a main lining. At the same time, pig iron and steel scrap were used as the basic filling charge. 

After their melting, the liquid metal was superheated to a temperature of 1480 - 1500 °C and alloyed with 

aluminum. Before melt releasing, spheroidizing modification of liquid cast iron was carried out by adding 

mischmetal to the furnace (∑ Rare-earth metals ≈ 97 %; Ce ≈ 55 %). Then, during the discharging of cast iron 

into the ladle, it was graphitized by supplying Fe-75Si ferrosilicon to a metal stream. 

Phase transformations during crystallization were studied by polythermal sections of Fe-Al-C-Si systems 

obtained using the Thermo - Calc software package (TCW-4 version, TCFE4 database) [11]. Thermal analysis 

was carried out by taking the melt cooling curve using a tungsten-rhenium thermocouple. The potentiometer 

data was processed using the mathematical program Microsoft Excel. The obtained cooling curves were used 

to determine the temperatures of liquidus, eutectic crystallization, and solidus. 

Metallographic studies were carried out on a Neophot 21 microscope from ZEISS JENA at various 

magnifications/ 

Microhardness was measured on a Wilson Wolpert Micro-Vickers 402MVD instrument at a load of 1 kg. 

X-ray spectral analysis was performed on a JSM - 35CF electron microscope with a double spectrum. 

3. RESULT AND DISCUSSION  

Using a Thermo-Calc computer program, polythermal sections of the quaternary diagrams of the Fe-Al-C-Si 

system were constructed on an Aluminum scale from 0 to 40 %. In this case, the Carbon and Silicon contents 

were varied in the range of 1.5 - 2.5 and 1.0 - 2.0 %, respectively. As example, one of the constructed 

polythermal sections is shown in Figure 1. 

 

Figure 1 Polythermal sections of system diagrams Fe - Al - 2.0 % C - 1.5 % Si 

The polythermal sections shows, that the crystallization of cast iron, containing 2 % C, 1.5 % Si and 22.5 % 

Al, begins with the separation of primary graphite crystals from molten iron. Then, a double eutectic crystallizes 
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and consists of a solid solution based on aluminum-alloyed ferrite and graphite (α + CGr). On other polythermal 

sections constructed at 2 % Si, appears a triple eutectic, consisting of aluminum alloyed with Ferrite, Graphite, 

and Aluminum carbide Al4C3 (α + CGr + Al4C3). After that, the maximum alloyed with aluminum Ferrite (α-

phase) is released from the remainder of the liquid phase. At subsequent cooling of cast iron due to a 

decreasing of the solubility of aluminum in the α-phase + Al4C3 carbide is released from it. 

These data are consistent with the result of thermographic studies. Cast iron mainly crystallized at as constant 

temperature but undergoes slight pre-Eutectic and post-Eutectic crystallization. On the temperature-time 

curve, it is possible to identify the areas of cooling of molten iron, pre-Eutectic crystallization of primary 

Graphite, Eutectic crystallization, post-Eutectic crystallization of Ferrite (α-phase), cooling of solid Cast iron 

and discharging of Aluminum containing a carbide phase from a supersaturated solid solution (α-phase). 

A comparison of critical temperature crystals and experimental results shows that actual temperature 

crystallizations are significantly lower than theoretical values. Apparently, this is due to the difficulty of 

discharging the graphite phase in the form of primary crystals and the associated strong supercooling of the 

melt. 

The formation of the structure of cast iron was studied considering the above results of phases, their sequence, 

combinations, and temperatures they release during the transition of high-alloyed Aluminum Cast iron from a 

liquid to a solid state. 

The large length of the horizontal section on the cooling curve indicates the development of eutectic 
crystallization and the formation of structures in the structures. According to the cooling and polythermal 

section curves, the composition should contain three structural components: the inclusion of primary Graphite 

(I), Graphite-Ferritic eutectic (II), and secondary carbide Al4C3 (III) released after eutectic crystallization. 

However, the real structure is different from the above. 

Figure 2 shows a typical microstructure of cast iron. In not etched samples (Figure 2, a), dark inclusions of 

spherical Graphite uniformly distributed in a metal matrix are distinguished. In the matrix itself, the main light 

phase and the line inclusions of dark color are distinguished. In the etched form, at a high magnification in the 

center of the dark phase, a graphite inclusion is detected, which is located on a white background around 

fenced dark stitch inclusions of a fancy shape (Figures 2, b) 

 а          b 

Figure 2 The structure of Aluminum (22 %) alloyed Cast Iron with spherical Graphite before (a) 

and after etching (b) 

The light and dark phases were previously identified by measuring their microhardness and comparing the 

obtained values with published data. The microhardness of the light phase is 413 HV, which corresponds to 

the microhardness of aluminum-alloyed ferrite (α-phase). The darker crystalline phase has a microhardness 
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of 650 HV; therefore, it was identified as Iron - Aluminum carbide Fe3AlCx (ε- phase), the microhardness of 

which is in the range of 680-760 HV [1]. 

The phase compositions were additionally studied by using an electron microscope with a microanalyzer. 

Received results are shown in Figure 3. A quantitative analysis confirms that the metal matrix “a” of cast iron 

(α phase) is a ferrite alloyed with Aluminum up to ~ 23 % of the mass, dark inclusions of round shape “c” are 

Graphite CGr, and there is a gray phase “b” that contains Iron, Aluminum and Carbon and therefore can be 

considered as Iron-Aluminum carbides. However, according to multiple determinations, the atomic fractions of 

Iron there are only 1.3-1.6 times higher than the atomic fraction of Aluminum. Therefore, they, most likely, are 

iron-aluminum carbides of variable composition of the FeYAlCX type, where y = 1.3 ÷ 1.6. 

 

   

Figure 3 - Results of X-ray spectral phase analysis of Aluminum (22 %) alloyed Cast Iron with spherical 

Graphite 

The actual structure of Cast Iron differs from expected one in several ways. First, it is not possible to 

unambiguously identify primary Graphite inclusions. In addition, instead of the expected Al4C3 carbide, the 

Iron-Aluminum carbide is formed in Iron, that is close to Fe1.5AlCX composition. It is possible, under conditions 

of high supercooling, that it is thermodynamically more profitable to form triple carbide, instead of double Al4C3 

carbide, not even Fe3AlCX (ε - phase), but Fe1.5AlCX. Accordingly, when compared with the polythermal 

sections of the quaternary Fe - Al - C - Si system, it can be assumed that with an increase of the silicon content 

from 1 to 2 %, iron-aluminum carbide may precipitate from the triple eutectic. 

4. CONCLUSION  

The performed studies substantially complement our knowledge of the laws of crystallization of high-alloyed 

Aluminum cast iron and the formation of its structure. It has been established that crystallization of cast iron 

containing 19 - 25 % Al begins with the separation of primary Graphite crystals from the liquid phase. Then 

crystallization of the double Eutectic (α + CGr) occurs. With an increase in the amount of Silicon to 2 %, a triple 

Eutectic appears (α + CGr + Al4C3). After that, the maximum Aluminum-alloyed Ferrite is released from the 

100m 

a 

b 

b)  

с 
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remainder of the Liquid phase. Upon subsequent cooling of cast iron due to a decrease of the solubility of 

Aluminum and Carbon in the α-phase, Al4C3 Carbide is released from it. These data are consistent with the 

results of thermographic studies. A study of the structure of sand Cast Iron castings, showed that it generally 

corresponds to the expectations of polythermal sections and thermographic analysis. But different in details. 

So, in cast iron, instead of the expected Al4C3 carbide, Iron - Aluminum carbide is formed, which is close in 

composition to Fe1.5AlCX. 
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Abstract 

The work analyzes the influence of some pollutant elements due to metallurgical plants (defined as 

“metallurgical systems”) on the environment. The noise is an important pollutant factor. It can produce 

dangerous effects on the peoples as well as on the environment, buildings, animals and vegetation. The impact 

of pollutant metallurgical sources on the ecological systems is a complex issue. The complexity is due to the 

fact that the pollution is not a local problem, but it has also influences, through the most dynamic vectors on 

the environment, on very large zones (defined as ecozones). These effects can be observed at a regional and 

global level. The work takes into account the ecozones surrounding a metallurgical plant, their complexity and 

the possible interference as well. The study uses real data offered by some metallurgical plants, relating to 

pollutant agents and to their spreading zones. The final scope of the study is to establish the influence of these 
factors on the ecosystems where the metallurgical factory lay out and to offer a model that could make easier 

taking some decisions relating to the improvement of the utilized technologies.  

As the sources and severity of noise pollution continue to grow, there is a need for new approaches to reduce 

exposure.  

Keywords: Metallurgicalsystems, noise, pollution, efects, environment  

1. INTRODUCTION 

Each year 138 millions tons of pollutant 

materials are evacuated in the environment 

including important quantities of ferrous and 

nonferrous metals, ferrous oxides, gazes, slag 

etc. In the same time we have not to ignore the 

efect of the noises. The main causes the 

metallurgical pollutant are the intensive 

exploitation of industrial installations, 

technological causes, absence or low efficiency 

of ecological filters. Unfortunately, the industrial 

development, having as priority the increase of 

the production, has caused new phenomena of 

industrial pollution. From this, metallurgy has a 

special importance.[2] 

Figure 1 The structure of a metallurgical system (MS); 

MSS: metallurgical subsystem [EN: energy; M: material; 

I: information; L: lost; U: used; LD: lost definitively]; ES: 

environmental subsystem 
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In Figure1 is presented the structure of a metallurgic system in connection with an ecological system [1]. 

The potential pollutant products, including the noise polutant, represent second degree of pollution, as they do 
not affect the pollutant potential of the metallurgic subsystem (MS).  

2. METHODOLOGY AND ORGANIZATION OF THE RESEARCHES 

The study methodology is focused on two directions: the establishing of the indicators to analyze the pollution 

due to a metallurgical system and the estimation of the impact of the noise pollutants on surrounding 

ecosystem, including the effect on the peoples, animals, and buildings. 

For example, in order to analyze a continuous casting line as system (CAROBIL=casting and rolling of the 

billets) it is necessary to consider it as composed by three systems: S1, S2 and S3 (Figure 2). 

 

Figure 2 CAROBIL technologicalsystem 

Figure 3 represents the metallurgical system named “CAROBIL”, composed by three secondary systems, 

subsystems and components. 

 

Figure3 CAROBIL - systems, subsystems, components and connectionwiththe environment system 
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In Figure 3, there are the following notations: MS: Metallurgical system (CAROBIL); ES: Ecological system; 
the numbers and notations correspond to Figure 2; notation for components are: M- mechanic component; 
EM- electric motor; T- transport component; C- cooling; OR- metallic oxide recuperation; TI- thermal isolation; 
B- burners; R- heat recuperation; CY- cylinder of rolling mill; WBF- walking beam furnace; FIRT- furnace 
incoming roller track; FERT- furnace exit roller track; CBfRP- cooling bet for rolled products. 

To analyze the system, it is necessary to have in view that each subsystem is composed by “components”. It 

can be energetic, material or informational connections between components or directly between a component 

and a subsystem. 

3. RELATION REGARDING THE ACOUSTIC VIBRATION 

The noise can be introduced as acoustical vibration without very clear defined components, unpleasant sound. 

The velocity [3] of the sound can be established with the relations: 

- in the gazes (air): 

Y � Z �>.D � Z[.D\D ;                                                                                                                                              (1) 

where:     K - adiabatic compressive, m.kg-1.s2 

ρ - density of the environment temperature, kg.m-3 

ρ0 - density at the normal temperature, kg.m-3 ^ � _`_a - the ratio between the mass thermal capacity  

Bell: no dimensional unit used for the comparison of the values of the acoustic powers. (1dB=0.1 Bell)  

Table 1 Noise intensity in some thermal aggregate 

Thermal aggregate  Noise intensity 

Steel making furnace 100 dB 

AC electric arc furnace 120 db 

Plasma furnace for steel 92 dB 

DC arc furnace 92 dB 

Crucible induction furnace 110 dB 

Acidic converters 110 dB 

In the case of solid bodies, the noise velocity is [3]: 

 

- Y�b�c � Z �'�+d*D'�+d+�[e*                                                                                                                                (2) 

is the longitudinal speed 

- Yfgh�i � j �D'�kd* � ZlD                                                                                                                            (3) 

is the transversal speed.  

The sound velocity, experimental, for some media of noise transfer is presented in Table 2 and Figure 4. 
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4. EUROPEAN COMMISSION AND THE PROTECTION AGAIN THE NOISE  

In the EU, more than 100 million citizens are affected by noise levels above 55 dB (a threshold at which 

negative effects on human health can be observed) [4]. Road traffic is the most prominent source for such 

noise, followed by noise from railways, airports and industry. 

Table 2 Noise velocity in some materials media [3] 

Media (material) Temperature, °C Noise velocity, m/s 

Air 500 558 

Air 20 344 

Air 0 331 

Air -20 319 

CO2 100 297 

CO2 18 265 

Water 25 1197 

Sea water 15 1498 

Steel  depending on the category 5050 - 6100 

Aluminum  depending on the category 5240 - 6400 

Copper depending on the category 3580 - 4606 

 
Figure 4 Velocity of the noise in the air, carbon dioxide and water, m/s (established: D. Constantinescu) 

This means that around 14 million citizens are annoyed by environmental noise and around 6 million sleep 

disturbed [3]. This is associated with an estimated 70 000 hospital admissions and 16 000 premature deaths 

per year(Source: European Commission (2017) [4]. 

In Figure 5, there are presented the distribution of the noise sources and the population it affects. 
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Figure 5 Distribution of European population exposed to sound levels above 55dB by noise sources 

(Source: adapted from Blokland and Peeters (2016) and based on noise mapping data from EEA (2014), 

extrapolated to 100 % coverage over Europe. 

Figure 6 represents the severity of the effects of the noise on the people 

 

Figure 6 The pyramid of nois induced health effects. (Sourse: EU Comission, April 2017, issue 17; adapted 

from Babish W, The noise/stress concept, risk assement and research meeds) 

4. PARTICULARITIES REGARDING THE INDUSTRIAL NOISE 

Although transportation is the major contributor to environmental noise pollution, there are many other, more 

localized sources of environmental noise, such as industrial sites, metallurgical sites (Figure 7), construction 

sites, landfills and even wind turbines.  

 

Figure 7 Salzgitter AG adds low CO2 steel grades to its product range (Source: Carsten Brand/Salzgitter 

Industrial-type noise can cause particular annoyance due to its intermittent and low-frequency nature 

(Murphy and King, 2014). 
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Mechanical noises, which can produce a sensation of vibration, are considered especially annoying by people. 
There are also more specific noise mitigation approaches for industry, including shock mounting equipment 
[5] and damping to reduce vibrations, acrylic glass barriers and machine guards. A more pro-active approach 
to noise abatement is to design machinery with reduced sound emissions. In the EU, the Outdoor Noise 
Directive (2000/14/EC) imposes noise limits for 22 different types of equipment and requires noise marking for 
a total of 57 equipment types. "Lden" is an indicator of the overall noise level during a day used to describe 
the discomfort associated with noise exposure. It is calculated from the indicators "Lday", "Levening", "Lnight", 
averaged sound levels over the periods 6am-6pm, 6pm-10pm and 10pm-6pm.  In addition, a weighting of 5 
dB(A) is applied in the evening period and 10 dB(A) at night, to take into account the fact that we are more 
sensitive to noise during these periods. 

 
Figure 8 Relation between the noise and the relative risk of incidences and the myocardial infarcts 

(representation in Origin, after “Lettre d’information de Bruit”, nr.20, September 2015) 

5. CONCLUSIONS  

Metallurgy is one of the most complex industrial branch, but also one of the most pollutants. Gazes (including 

“green house” gases effect), dust, solid and liquid pollutant, but also noise, are some of the most important 

examples. 

Noise is one of the most pervasive and complex environmental pollutants, driven by a combination of factors 

including urbanisation, economic growth, expanding transport networks and increasing industrial output 

(European Environment Agency, 2014). As recognition of its public health implications grew at the end of the 

20th Century, dedicated European legislation was developed and the European Environmental Noise Directive 

was adopted in 2002. 

The best and most cost-effective approaches to noise mitigation are those at source, such an approach being 

also valid for industrial metallurgical activities. In conclusion, a mix of mitigation at source and noise abatement 

at the receiver end will be important to target noise hotspots in Europe. Although there remains room for 

improvement in terms of technical capability and cost-efficiency, important progress has been made in 

developing noise abatement technologies in recent years, which - together with robust legislation - will pave 

the way to a quieter Europe. 
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Abstract 

Top-gas dedusting at blast furnaces (BF) is usually done with venturi scrubbers. However, in recent years, the 

total dry dedusting of BF top-gas has become a common technology. In this case, a fabric filter is used instead 

of the venturi scrubber. For recycling, the dry dust from a fabric filter is preferable to the sludge from a scrubber. 

The main constituents of BF dedusting residues, Fe, C and Ca are of some value, while tramp elements, 

particularly Zn, can cause problems in the process. Results from leaching of the sludge obtained in wet BF 

dedusting are available. In contrast, data from leaching of dry filter dust from BF dedusting are not available. 

However, it has to be assumed that the behavior of a dust from dry dedusting deviates somewhat from that of 

a sludge due to the prolonged residence time of the sludge in the scrubber system under varying pH. In this 

study the filter dust of a BF top-gas dry dedusting filter was investigated, applying sequential leaching and X-

ray diffraction analysis for the investigation of the distribution of Fe, Ca, Zn and Pb in various compounds with 

a focus on the tramp element Zn. 

Keywords: Blast furnace, filter dust, zinc, leaching 

1. INTRODUCTION 

In an integrated steel mill the dedusting system for the blast furnace (BF) top-gas normally consists of two 

stages, a dry pre-separator (dust catcher or cyclone) as the first stage and a venturi scrubber for the final 

dedusting [1]. In recent years, the total dry dedusting of the top-gas has become a common technology [2-4]. 

In this case, a fabric filter is used in the second dedusting stage instead of the venturi scrubber. Thereby, the 

BF sludge from the scrubber system is replaced by dry dust, which facilitates handling of the residue. The main 

constituents of the BF dedusting residues, Fe, C and Ca are of some value, which supports recycling, e.g. via 

the sinter plant [5,6]. However, some tramp elements, particularly Zn, are limited in the recycling stream, as 

they can cause operational problems in the BF. Zn contained in the BF charge is easily reduced to metallic Zn 

and volatilized when the material moves downwards in the shaft and reaches a temperature higher than 1173 K 

[7]. The Zn vapour moves upwards with the gas stream and at lower temperature the Zn is re-oxidized forming 

fine particles, which are partly discharged with the top-gas. 

The leaching of Zn from the dust separated in the first dedusting stage (BF dust) has been investigated [8-10]. 

There is also some information available on the distribution of Zn in this dust. X-ray diffraction patterns of such 

dusts show that beside ZnO [9-12] and ZnFe2O4 [9,10] it also containes ZnS [11,12] and ZnCO3 [12]. In contrast 

to the Zn concentration in the dust from the first dedusting stage the Zn concentration in the residue from the 

second dedusting stage is usually considerably higher [1,13] Likewise, leaching of the sludge obtained in wet 

second-stage dedusting (BF sludge) was also investigated [14-18]. In the BF sludge Zn is found as ZnO [15] 

and as ZnFe2O4 [16,17]. 

For the dust from a second stage dry dedusting system (BF filter dus) it is likely that the composition deviates 

somewhat from that of a BF sludge as well as from a BF dust. In comparison to the BF dust, the particle size 

of the BF filter dust separated in the second dedusting stage is smaller and the concentrations of the tramp 
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elements are higher. Due to the prolonged residence time of the BF sludge in the scrubber water system under 

varying pH conditions, the composition may change and therefore be different to the BF filter dust. 

In this study the BF filter dust from a second-stage dry dedusting filter for BF top-gas dedusting was 

investigated for the distribution of Fe, Ca, Zn and Pb in various compounds, with a focus on the tramp element 

Zn. 

2. MATERIALS AND METHODS 

The BF filter dust sample was obtained from the dust discharge of the second-stage dedusting filter of an 

industrial BF top-gas cleaning system. Detailed information on the dust sample has been published previously 

[19]. 

The leaching experiment was carried out in a sequence of five steps, the residue being treated from a leaching 

step in the next step. The leaching process was adapted from a leaching procedure for BOF dust [20]. In the 

first step, the exchangeable, slightly water-soluble fraction (L1) was extracted. In the subsequent steps, the 

carbonated fraction (L2), the oxides (L3), the reduced fraction (L4) and the residual fraction (L5) were obtained. 

Details of the leaching process can be found elsewhere [21]. An ICP-OES system (iCAP 7000 Plus Series) 

was used to measure the concentrations of Fe, Ca, Zn and Pb in the leachates. 

Microscopic images of the BF filter dust were produced with a scanning electron microscope TESCAN, type 

VEGA LM. 

For Zn and Pb the thermodynamic equilibrium composition under BF top-gas conditions (50 % N2, 25 % CO, 
23 % CO2 and 2 % H2O by volume) was calculated as a function of the temperature using the HSC 

Chemistry® 5.1 program. 

3. RESULTS AND DISCUSSIONS 

The concentrations of Fe, Ca, Zn and Pb in the dust were 13.6 %, 5.2 %, 1.88 % and 0.29 %, respectively. 

Figure 1 shows a microscope image of the BF dust. 

 

Figure 1 Microscope image of the BF dust  

The results of the sequential leaching test are shown in Figure 2. Fe was found mainly in the residual fraction 

(81 %) and to a lesser extent in the carbonated fraction. This corresponds to reported qualitative data [16].  
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In contrast, Ca was found in all fractions L1 to L4 to a noticeable extent with two thirds of the amount in L1 and 

L2 to approximately similar parts. 

Zn was found mainly in the carbonate fraction (60 %) and in the oxide fraction (27 %), while a lower amount 

of Zn was found in the reduced fraction (11 %). The amount in the residual fraction was 3 %, indicating that 

the amount of ZnFe2O4 in the dust was small. The distribution of Zn in the BF filter dust is therefore more 

similar to that in the BF dust [9-12] than to the distribution in BF sludge [15-17].  

 

Figure 2 Fe, Ca, Pb and Zn in various fractions  

The results of the thermodynamic equilibrium calculations for the distribution of Zn as a function of the 

temperature are shown in Figure 3.  

 

Figure 3 Distribution of Zn at thermodynamic equilibrium 

In the high temperature zone of the BF, most Zn is present as metallic Zn(g) while some ZnS also exists. Solid 

ZnO and ZnFe2O4 are formed when the gas temperature decreases. Below 600 °C the ZnO concentration 

decreases because of the formation of ZnFe2O4. The comparatively small amount of ZnFe2O4 found in the 

leaching experiments might be due to the fact that reaction rates in solid reactions are low. When the dust and 
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the ZnO particles are separated by the fabric filter, a filter cake is formed on the filter cloth and the top-gas 

containing CO2 passes through this filter cake for some time before the filter cake is removed in the pulse-jet 

cleaning cycle. During this period of time the reaction of ZnO with CO2 to ZnCO3 might occur.  

Pb was found only in the carbonate fraction (63 %) and in the reduced fraction. This finding agrees well with 

the results of the equilibrium calculations shown in Figure 4. At a temperature above 1000 °C, gaseous Pb(g) 

and PbS(g) exist parallel to PbO, while below these temperatures the stable form is PbO. At temperatures 

below 400 °C the equilibrium gradually shifts to PbS. Below 200 °C PbCO3 is also formed. In the fabric filter 

the formation of PbCO3 can take place in a similar way, as explained previously for ZnCO3. 

 

Figure 4 Distribution of Pb at thermodynamic equilibrium 

4. CONCLUSIONS 

In the BF filter dust from second-stage BF dedusting Fe was found mainly in the residual fraction and Ca was 

found mainly in the exchangeable fraction and the carbonated fraction to approximately similar parts. The 

tramp element Zn is mainly present in the carbonate fraction, in the oxidic fraction and in the reduced fraction. 

In contrast, Pb is present in the carbonate fraction and in the reduced fraction. The deviations between the 

measurement results and the results of the thermodynamic equilibrium calculations can be explained by taking 

into account the conditions in the gas cleaning system. With respect to the distribution of Zn, the BF filter dust 

obtained in dry second stage dedusting is more similar to the BF dust from first stage dedusting than to the BF 

sludge obtained in wet second stage dedusting. 
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Abstract 

Activation energy at hot deformation represents a valuable physical quantity which finds its application e.g. in 

the case of a hot flow stress description. It has been showed that this quantity can be treated as a material 

constant, strain-dependent variable or even as strain, strain rate and temperature dependent variable. A 

mathematical description of the last and in the same time the most complicated dependency is the aim of the 

presented paper. Two mathematically different methodologies have been applied to cope with this issue - a 

multivariate polynomial relationship and an artificial neural network approach. The results have shown that the 

neural network approach represents an ideal one although the polynomial one is also applicable.  

Keywords: Hot deformation activation energy, multivariate polynomials, artificial neural networks 

1. INTRODUCTION 

Since the 20th century, so-called hot deformation activation energy, Q (J⋅mol−1), has been being applied for a 

description of hot flow curve (stress-strain) datasets which are usually experimentally acquired under various 

combinations of temperature and strain rate, i.e. curve fitting issue. This valuable physical quantity is 

predominantly treated either as a material constant (i.e. strain, strain rate and temperature independent) or as 

a strain-dependent variable. In the first case, the Q is used for a mathematical description of significant flow 

curve points, i.e. a peak point, steady-state beginning or even dynamic recrystallization inception. Described 

coordinates of these significant points are then usually substituted as auxiliary variables into the flow stress 

models to fit an entire flow curve dataset - so the Q is for the flow curve fitting applied indirectly (through the 

previous description of the significant flow curve points). In the second case, however, the Q is employed for 

the flow curve fitting issue directly since it is considered to be strain dependent - this dependency is usually 

expressed via polynomial equations [1,2]. Nevertheless, some previous studies [3,4] have pointed out on the 

fact that the activation energy is actually dependent not only on the strain but also on the temperature and 

even strain rate. Naturally, there were attempts to embrace such dependency for an enhancement of current 

flow curve fitting solutions. Hand in hand with these efforts there were, of course, endeavors to mathematically 

describe the dependency of Q on the strain, strain rate and temperature - practically solved only via multiple 

cooperating bivariate polynomials [3,4]. The aim of the submitted research is then introduce two new 

approaches which should bring an alternative possibility to cope with the Q-dependency complexity - a 

multivariate (specifically single trivariate) polynomial approach and an artificial neural network (ANN) one.   

2. EXTRACTION OF EXPERIMENTAL ACTIVATION ENERGY VALUES 

In order to demonstrate the above-mentioned approaches, an experimental hot-compression flow curve 

dataset of the manganum-vanadium steel has been selected. Experimental conditions are as follows: 

deformation temperatures of 1123, 1273, 1373, 1473 and 1553 K, strain rates of 0.1, 1, 10 and 100 s−1, and a 

true height strain reaching to 1.0. Laboratory details have been published previously in [5].    
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The selected hot-compression flow curve dataset has been subsequently utilized to gain experimental  

Q-values under all tested circumstances, i.e. Q(ε,ε̇,T) (J⋅mol−1), via a regression analysis of the well-known 

Garofalo’s relationship [6] - see equations (1) and (2) [7]:  

m'n, no, &* � , ⋅ p qr sop qrtuvrw2x's,<*⋅y3z{s,< ⋅ p qrtuvrw2x's*⋅y3zp'�/<* {s,so  (1) 

9'n, &* � p qr sopy {s,< p qr sop qr y{s,<}  (2) 

In these equations, σ (MPa), ε (-), ε̇ (s−1) and T (K) represent a flow stress, true strain, strain rate and 

temperature, respectively. R (8.314 J⋅K−1⋅mol−1) is the universal gas constant, α(ε,T) (MPa−1) and α(ε) (MPa−1) 

are a strain-temperature dependent and only-strain dependent stress multiplier, respectively [7]. 

3. MULTIVARIATE POLYNOMIAL APPROACH  

In previously published studies (see e.g. [1]), a univariate polynomial expression [8] was successfully employed 

in order to fit a dependency between the activation energy and true strain. Since the activation energy is in the 

current research considered to be dependent also on the temperature and strain rate, a multivariate 

(specifically trivariate) polynomial expression has been proposed to cope with this approximation issue - its 

general form is expressed via the following equation: 

m'n, no, &* � ∑ ∑ ∑ �
!~ ⋅ &
 ⋅ ln! no ⋅�~"C�!"C�
"C n~ (3) 

In equation (3), aijk (-) represent material constants, where i = [0, n] ⊂ ℕ0, j = [0, n] ⊂ ℕ0 and k = [0, n] ⊂ ℕ0. 

While an ideal polynomial order, n (-), was being found on the basis of a trial and error method, corresponding 

material constants were being calculated via the least squares method [9] in the octave-4.2.1 programming 

environment [10]. Results have showed that an ideal order is equal to 3, i.e. the equation (3) represents a 

tricubic polynomial - fitting constants are displayed in Table 1.  

Table 1 Material constants of the tricubic polynomial - equation (3)  

aijk Value aijk Value aijk Value aijk Value 

a000 6.12⋅10+03 a100 −1.24⋅10+01 a200 8.73⋅10−03 a300 −2.05⋅10−06 

a001 2.30⋅10+04 a101 −4.09⋅10+01 a201 2.60⋅10−02 a301 −6.07⋅10−06 

a002 6.24⋅10+04 a102 −1.43⋅10+02 a202 1.03⋅10−01 a302 −2.32⋅10−05 

a003 −6.61⋅10+04 a103 1.44⋅10+02 a203 −1.01⋅10−01 a303 2.26⋅10−05 

a010 7.23⋅10+02 a110 −1.46⋅10+00 a210 1.01⋅10−03 a310 −2.34⋅10−07 

a011 −1.00⋅10+04 a111 2.02⋅10+01 a211 −1.39⋅10−02 a311 3.23⋅10−06 

a012 1.92⋅10+04 a112 −3.87⋅10+01 a212 2.67⋅10−02 a312 −6.21⋅10−06 

a013 −1.00⋅10+04 a113 2.02⋅10+01 a213 −1.40⋅10−02 a313 3.27⋅10−06 

a020 6.68⋅10+01 a120 −1.47⋅10−01 a220 1.07⋅10−04 a320 −2.61⋅10−08 

a021 −6.01⋅10+02 a121 1.35⋅10+00 a221 −9.83⋅10−04 a321 2.37⋅10−07 

a022 8.55⋅10+02 a122 −2.03⋅10+00 a222 1.52⋅10−03 a322 −3.73⋅10−07 

a023 −2.11⋅10+02 a123 6.09⋅10−01 a223 −4.95⋅10−04 a323 1.27⋅10−07 

a030 −2.31⋅10+01 a130 5.10⋅10−02 a230 −3.69⋅10−05 a330 8.92⋅10−09 

a031 5.28⋅10+02 a131 −1.11⋅10+00 a231 7.81⋅10−04 a331 −1.85⋅10−07 

a032 −1.04⋅10+03 a132 2.19⋅10+00 a232 −1.55⋅10−03 a332 3.70⋅10−07 

a033 5.42⋅10+02 a133 −1.15⋅10+00 a233 8.18⋅10−04 a333 −1.96⋅10−07 
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4. ARTIFICIAL NEURAL NETWORK APPROACH 

Based on the previous successful implementations of an artificial neural network approach [11,12] into the flow 

curve fitting process [7], a multi-layer feed-forward neural network [12] has been employed as an alternative 

to the above-mentioned multivariate polynomial approach. While an ideal network architecture was being found 

on the basis of a trial and error method, corresponding synaptic connections of artificial neurons were being 

calculated via the Levenberg-Marquardt algorithm [13,14] cooperating with the Bayesian regularization [15,16] 

under backpropagation of error signal [17]. It should be noted, fourteen T-ε̇ combinations have been used for 

the synaptic connection calculations while the rest of the dataset (i.e. six combinations) served for the 

subsequent testing of overfitting issue [12]. The described ANN solution has been realized under the Matlab 

9.3 [18] programming environment with the embedded Neural Network Toolbox 11.0 [12]. An ideal network 

architecture is schematically displayed in Figure 1 and the corresponding legend is available in Table 2.  

 

Figure 1 Block diagram of the utilized ANN architecture 

Table 2 Legend of the block diagram in Figure 1    

Symbol Meaning Symbol Meaning 

Tn (-) T-vector normalized via a prestd [12] b (-) Bias vector [12] 

ε̇n (-) ε̇-vector normalized via a prestd [12] ∑ (-) Weighted sum [12] 

εn (-) ε-vector normalized via a prestd [12] tansig Hyperbolic tangent sigmoid transfer function [12] 

Q (J·mol−1) Q-vector purelin Linear transfer function [12] 

w (-) Synaptic weight matrix [12]   

5. RESULTS AND DISCUSSION 

Figures 2 and 3 offer a view on the Q-ε course under various thermomechanical conditions. At the first sight 

it is evident that the activation energy is predominantly influenced by the strain and temperature level. The 

temperature influence is clear - the Q-level is decreasing with the increase of temperature. The strain 

dependency is, however, quite tricky. The Q-ε curves (Figure 2) show under lower temperature levels behavior 

similar to the course of flow curves - see the intensive growth up to the global maximums (peaks) and 

subsequent gradual decrease. Another common feature is the earlier peak occurrence under lower strain rates 

and subsequent transition to steady-state. Similar flow-stress-like behavior has been observed e.g. in [7]. 

Nevertheless, the trends observed under lower temperatures are not in accordance with those observed under 

higher temperatures - Q-ε curves seem to be mirror-inverted - they show a global minimum. Either way, the 

gained experimental Q-ε curves have been successfully described via both above proposed approaches - see 

the solid and dashed lines corresponding with the ANN and polynomial approach, respectively (Figure 2).  
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In addition, there is a prediction for two additional combinations of temperature and strain rate (gray curves) in 

order to verify a prediction capability. Despite of the good description via both approaches, the ANN one 

evidently exhibits the highest curve fit - the utilized tricubic polynomial relationship is not able to fit the 

experimental data with such precision. Note, the 3rd polynomial order has been chosen as the best choice 

since lower and even higher orders exhibited much higher deviations.     

 

Figure 2 Comparison between the tricubic polynomial and ANN description; boxes - experimental  

data, solid lines - ANN, dashed lines - tricubic polynomial, color curves - approximation,  

gray curves - prediction 

 

Figure 3 Volumetric expression of the activation energy evolution 
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Figure 4 graphically expresses a statistical point of view on the applied approximation approaches. The 

compiled histograms offer a distribution of a relative percentage error, η (%) [19], corresponding mean value, 

μ (%) [20] and standard deviation, σ (%) [21]: 

�
  � <�+N�<� ⋅ 100 (4) 

� � �� ⋅ ∑ �
�
"�  (5) 

� � Z�� ⋅ ∑ '�
 ) �*��
"�  (6) 

The variables Ti (J⋅mol−1) and Ai (J⋅mol−1) symbolize the values of the target (experimental) and approximated 

Q-vectors, respectively, where i = [1, n] ⊂ ℕ for n corresponding with the number of vector elements. At the 

first sight it is obvious the η-values related to the ANN approach (Figure 4b) are distributed in a narrower 

range (ranging from −4 to 6 %) than that corresponding with the tricubic polynomial relationship (Figure 4a) 

(ranging from −10 to 8 %) - a dispersion of the tricubic polynomial η-deviations is thus evidently higher. Another 

fact playing in favor of the ANN approach is that predominant amount of the η-deviations is in the case of the 

ANN approach higher than −2 % and at the same time lower than 2 %. Either way, it could be said that neither 

the ANN approach nor the tricubic polynomial shows inappropriately large values of η-deviation or values of μ 

and σ, and therefore both can find its place as a solution of the studied curve fitting issue.   

 

Figure 4 Distribution of the relative percentage error 

6. CONCLUSION 

In the frame of the submitted research, hot deformation activation energy was considered to be strain, strain 

rate and temperature dependent variable. Two entirely different mathematical approaches have been then 

introduced to cope with the corresponding approximation and prediction tasks. First of all, a regression analysis 

of the well-known Garofalo’s relationship has been applied to gain the experimental activation energy values 

from a hot-compression flow stress dataset. Subsequently, the extracted experimental values of the activation 

energy have been described via a multivariate (specifically trivariate) polynomial relationship and an artificial 

neural network approach. With respect to the polynomial expression, a 3rd order (which resulted in a tricubic 

polynomial) has been found to be the best one. A multi-layer feed-forward architecture under 2 hidden layers 

with 8 neurons, which were activated via a hyperbolic tangent sigmoid function, has been then selected as a 

best option in the case of the neural network methodology. Both applied approaches proved a good fit with the 

experimental dataset - although the neural network one has showed a slightly higher performance. Either way, 

both approaches have also provided a good prediction capability, and both can be considered for the practical 

utilization.       
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Abstract 

The research examined the influence of different kinds of graphite inoculants when casting nodular cast iron 

on the structure and mechanical properties of the castings. The test alloy was a nodular cast iron corresponding 

with the ČSN EN GJS 450 standard. The modification was done with a VM 63M alloy by a Sandwich method. 

A comparison was made of the inoculating effects of 3 sorts of inoculants applied by a single-stage 

modification. Test moulds samples of Y1-Y4 type complying with the ČSN EN 1563 standard were cast. These 

samples were tested for their mechanical properties using the tensile, hardness and impact tests. A 

metallographic evaluation of the graphite and basic metal structure was made for all the samples.  

Keywords: Ductile iron, inoculation, wall thickness, structure, mechanical properties 

1. INTRODUCTION 

The utility properties of the nodular cast iron depend on the structure of the iron, morphology and dispersion 

of the structural components. The precipitation of the graphite parts, their shape, size and even distribution of 

the nodules are significant [1-3]. The solidification rate and presence of some trace elements can considerably 

influence the precipitation of the graphite, decrease nodularity and give rise to its anomalies. The morphology 

of the graphite parts influences the diffusion distances between the elements during solidification and austenite 

transformation thus having a significant influence on the structure of the metal matrix. Due to the antigraphitic 

effect of the modifying magnesium, the conditions for the graphite precipitation are less favourable than when 

the lamellar graphite is being formed, and the cast iron has, especially in castings with small wall thickness, 

higher susceptibility to the formation of metastable structures. Therefore, when making castings from nodular 

iron, effective graphite inoculation is essential [4].  

What is mostly used in practice for graphite inoculation are inoculants on the basis of Fe-Si alloy with the 

content of some minority elements which influence the graphite nucleation, shape stability of the nodules, 

duration of the inoculation effect, facilitate the process of dissolving inoculants and have other effects too [5]. 

Therefore, these experiments were carried out with three different types of inoculants for making the sample 

castings from the nodular iron. The purpose of these experiments was to assess their influence on the structure 

and mechanical properties of castings with different wall thicknesses. 

2. EXPERIMENTAL TESTS 

2.1. Moulds 

The influence on the structure and mechanical properties was tested on the Y1, Y2, Y3 and Y4 specimens 

according to the ČSN EN 1563 standard. The thicknesses of the casted blocks from which the specimens were 

made are Y1 - 12.5 mm, Y2 - 25 mm, Y3 - 50 mm and Y4 - 75 mm. 
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The sample moulds were made from self-hardening mixtures on the basis of silica sand with Geopol binder. 

All castings in the moulds were poured through a common sprue. 

2.2. Metallurgy  

The metal was melted in an induction furnace with a crucible capacity of 120kg. The goal was to melt down 

cast iron by the ČSN EN 450 class with some proportion of perlite to make it possible to monitor besides 

graphite the changes of perlite content in each specimen as well.  

Required chemical composition: 3.5-3.7 % C, 2.3-2.5 % Si, 0.3 % Mn, CE - 4.3-4.4. 

Charge:  steel - rolled bars, cast iron scrap, pig iron, FeSi45, carbonizer 

Modification:  Sandwich one-step modification 

         Modifier VM 63M, dosage 0.8 % - stated composition: 6-6.5 %Mg, 1.9 %Ca, 0.7 %KVZ, 45 %Si 

         Modification temperature 1,520-1,540 °C, pouring temperature: 1,380-1,415 °C  

         Time delay between modification and pouring 2-3 min 

Inoculation:   One-step inoculation - dosage 0.45 %  

         Inoculants - foundry alloy Fe-Si with content of Ba, Al and Bi elements, in-house designation of  

         the inoculants: In-Ba, In-Al and In-Bi, grain size 1-4 mm, composition see Table 1  

Table 1 Chemical composition of inoculants stated by manufacturers 

Inoculant Si (wt%) Al (wt%) Ca (wt%) Bi (wt%) KVZ (wt%) Mg (wt%)  Ba (wt%) 

In-Bi 62-68 max 1 % 1.8-2.4 0.8-1.2 0.8-1.2 - - 

In-Al 68-73 3.2-4.5 0.3-1.5 - traces traces - 

In-Ba 65-70 1-1.5 1-1.5 - - - 2-2.5 

2.3. Assessment of the mechanical properties and metallographic structure 

The tests of the mechanical properties were done according to the ČSN EN ISO 6892-1 standard. The 

specimens for the tensile test and for hardness measurement were made from cast blocks according to DIN 

50125. The ɸ 6 mm bars were made from Y1 blocks and the ɸ 10 mm bars from the blocks Y2-Y4. The impact 

work values are obtained according to the ČSN ISO 148-1 standard on V-notched bars. Hardness was 

measured as HBW 5/750. The values of the tensile and impact tests stated in the tables are always the average 

values obtained from three measurements and the hardness test values from four measurements.  

Metallographic assessment was done by optical microscopy in the unetched state and etched state by 2 % 

Nital and an image analysis was carried out by Olympus DSX510 microscope with using Olympus Stream 

Essential software. 

2.4. The influence of the castings wall thickness on 
the properties 

The tests should reveal how the thickness of the specimens 

and the type of inoculant affect the structure and mechanical 

properties. The layout of the castings in the mould is shown 

in Figure 1. The chemical composition of the tested cast 

irons is given in Table 2.  
 

 

                                                                                                Figure 1 Layout of the mould 

Sprue 
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Table 2 Chemical composition of the melts  

Sample Inoculant 
Dosage 

(%) 
Temperature  

modification/pouring (°C) 

C 
(wt.%) 

Si 
(wt.%) 

Mn 
(wt.%) 

P 
(wt.%) 

S 
(wt.%) 

Cr 
(wt.%) 

Bi 
(wt.%) 

Mg 
(wt%) 

Cekv 

515 In-Ba 0.45 1,540/1,380 3.48 2.41 0.30 0.027 0.010 0.045 <0.007 0.039 4.28 

516 In-Al 0.45 1,540/1,390 3.68 2.16 0.31 0.033 0.012 0.05 <0.007 0.050 4.41 

517 In-Bi 0.45 1,539/1,375 3.55 2.28 0.32 0.030 0.012 0.05 <0.007 0.037 4.32 

The values of the mechanical properties are stated in Table 3. The influence of the block thicknesses on the 

mechanical properties is shown in Figure 2.   

Table 3 Mechanical properties of the 515-517 samples 

Sample Inoculant Block  Rp0,2 (MPa) Rm (MPa) A (%) HBW KV (J) 

515 In-Ba 

Y1  330 512 16.6 196 7.8 

Y2 314 489 17.2 174 9.6 

Y3 330 530 13.8 182 9.0 

Y4 292 444 18.2 160 11.7 

516 In-Al 

Y1 332 540 12.8 189 8.7 

Y2 308 501 13.4 174 9.8 

Y3 303 494 14.1 171 10.6 

Y4 275 429 19.5 156 13.7 

517 In-Bi 

Y1  327 533 12.6 202 7.7 

Y2 305 485 13.1 177 9.3 

Y3 302 480 13 175 9 

Y4 288 451 14.9 163 10.6 

Table 4 Mechanical properties of Y3 blocks with different types of inoculant 

Sample Inoculant Rp0,2 (MPa) Rm (MPa) A (%) KV (J) HBW 

515 In-Ba 330 530 13.8 9.0 182 

516 In-Al 303 494 14.1 10.6 171 

517 In-Bi 302 480 13 9.0 175 

Figure 3 shows that there is no significant difference in the properties of cast block Y3 inoculated with different 

inoculants. The respective values are given in Table 4. The cast iron inoculated with In-Al has somewhat lower 

strength properties Rm, Rp0,2, and HBW, which corresponds to higher plastic properties given by elongation 

A and to the impact energy represented by the KV value. These trends may be explained by the relevant 

values of the carbon equivalent CE too and cannot be regarded as the exclusive influence of the inoculants.  

2.5. The influence of the castings wall thickness on the structure 

An image analysis of graphite was carried out on the block samples - Figure 4 and assessed according to the 

ČSN EN ISO 945-1 standard - Table 5. Dependencies of the parameters of graphite are shown in Figure 5. 
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Figure 2 The influence of the wall thickness of the castings on the mechanical properties   
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Figure 3 Comparison of the mechanical properties of the Y3 bodies 

 
  

Figure 4 Graphite structure of the sample 515-517 
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Figure 5 Dependence of the graphite size and nodule count on block thickness 

Table 5 Graphite size and dispersion    

Inoculant 
Y1 Y2 Y3 Y4 

Nodule Count 
(1/mm2) 

Graphite 
Size 

Nodule Count 
(1/mm2) 

Graphite 
Size 

Nodule Count 
(1/mm2) 

Graphite 
Size 

Nodule Count 
(1/mm2) 

Graphite 
Size 

In Ba 334 7.4 164 7.1 174 7.0 - - 

In Al 297 7.1 202 6.8 167 6.8 149 6.9 

In Bi 349 7.3 294 7.2 289 7.2 - - 

3. CONCLUSION 

Mechanical properties are not highly dependent on the thickness of the specimens. The strength and hardness 

values in the Y1 blocks are usually higher than in Y2 - Y4 blocks, in which the influence of wall thickness 

appears to be less significant. No considerable difference of the inoculant type influence on mechanical 

properties by examined casting thickness was detected.  

Impact energy as well as ductility increases with the increasing block thickness. The maximal values are 

obtained in the Y4 blocks presumably due to the higher ferrite content. The highest values of the impact energy 

were found after using the In-Al inoculant by all casting thicknesses, mainly in case of Y1 block. It seems, that 

inoculant of In-Al type is in the grafitisation point of view by thin wall castings most appropriate. 

The graphite dispersion assesed as nodule count per mm2 decreases with the increasing thickness of the test 

blocks. The decrease is considerable especially in-between Y1 and Y2 blocks. In bodies with a greater 

thickness the change in the graphite dispersion is slower. When using the In-Ba and In-Al inoculants, the 

number of nodules lowers in the Y3 block almost to half the value of the Y1 block. When using the In-Bi 

inoculant, a significantly higher graphite dispersion was discovered as well as its less gradual decrease with 

an increasing wall thickness of the casting than with other inoculants.  

The size of the graphite particles assessed by the „Graphite Size“ criterion decreases with the increasing 

thickness of the bodies that means, that graphite get coarsen when casting thickness raises. The graphite size 

sensitivity on wall thickness in the case of In-Bi inoculant is significantly lower than by the another ones. 

The basic metallic structure in all samples is ferrite-pearlitic. The ferrite composition was assessed according 
to the ČSN EN ISO 945-1 standard. The percentage of ferrite increases in all the cases of inoculation with 
raising of the block thickness. The ferrite increase is noticeable particularly after using the In-Al and In-Bi 
inoculants.  
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Abstract  

Three model alloys based on Fe-C-Cr-Ni were studied. Alloys contained 0.34 - 0.36 wt. % of carbon and 

chromium and nickel in the range of 1.04 - 4.96 wt. %. Temperatures of solidus and liquidus were studied. The 

experimental data were obtained using differential thermal analysis (DTA), differential scanning calorimetry 

(DSC) and dilatometry. The Setaram Setsys 18TM, Setaram MHTC 96 Line and NETZSCH DIL 402 Expedis 

Supreme were used for experiments. The experimental data were compared and discussed with the 

calculation results using SWs IDS, JMaPro and Thermo-Calc and with empirical calculation. 

Keywords: Fe-C-Cr-Ni alloys, thermal analysis, solidus temperature, liquidus temperature, IDS, JMatPro, 

Thermo-Calc 

1. INTRODUCTION 

Thermophysical and thermodynamic properties of Fe-based systems have been a subject of extensive 

research. Significant improvement in the quality and efficiency of steel production, reduction of energy 

consumption, and environmental impact are not possible without accurate estimation of liquidus and solidus 

temperatures [1]. The temperature of liquidus is technologically significant for the correct setting of casting and 

solidification conditions. Steel must be overheated to some extent for safe and proper operations regarding 

the continuous or ingot casting process. If no proper liquidus temperatures exist (is applied) for process 

adjusting, frequently excessive overheating is applied, leading to energy and time losses and, hence, financial 

losses and unnecessary environmental burden [2]. 

The temperature of liquidus and the temperature of solidus are also ones of the input variables for modelling 

steel production processes in terms of use in control systems and numerical simulations, which supports the 

development and improvement of recent technology [3]. There is a lack of data for the temperature of solidus 

in the literature, and those published by various authors for different steel grades alternate in the order of tens 

of degrees Celsius.  

Presently, the determination of liquidus temperatures employing thermal analysis methods usually provides 

nearly accurate information documented by many authors [2-6]. Knowledge of accurate solidus and liquidus 

temperatures is essential for the improvement of final steel quality and reduction of production costs. 

2. EXPERIMENT 

2.1. Sample characterization 

Three model alloys based on Fe-C-Cr-Ni were studied. These alloys contained carbon of 0.34 - 0.36 wt% and 

chromium and nickel in the range of 1.04 - 4.96 wt%. The chemical composition that was determined directly 

on samples for thermal analysis is presented in Table 1. 
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Table 1 Chemical composition of studied alloys /wt% 

Alloy C Cr Ni O P S Mn Al Cu 

CrNi1 0.360 1.040 1.080 0.002 - 0.003 0.030 0.004 0.012 

CrNi3 0.340 3.040 2.950 0.002 0.004 0.003 0.027 0.004 0.014 

CrNi5 0.360 4.960 4.700 0.004 0.004 0.004 0.034 0.002 0.014 
 

The samples for DTA analysis were processed into the form of cylinders with a diameter of 3.5 mm and a high 

of 3 mm. The mass of the cylinders was 190 mg. Temperature calibration was performed using Pd. 

The samples for DSC analysis were processed into the form of cylinders with a diameter of 5 mm and a height 

of 8 mm. The mass of the cylinders was 1 250 ± 10 mg. Calibration was performed using Pt. 

The samples for dilatometric analysis were processed into the form of cylinders with a diameter of 6.35 mm 

and a length of 10.05 mm. The mass of the cylinders was approximately 2 400 mg. The samples were prepared 

to fill as much space of the ampoule as possible in which they were analysed. Temperature calibration was 

performed using Pd. 

2.2. Experimental conditions 

For obtaining the temperatures of phase transformations with the help of Differential Thermal Analysis (DTA) 
was used Setaram Setsys 18TM. The measurements were carried out in alumina crucibles with a volume of 

80 µl. The dynamic atmosphere of argon was maintained in the furnace during analysis to protect the sample 

against oxidation. The purity of argon was higher than 99.9999 %. The samples were analysed with a heating 

rate of 10 °C/min. 

For obtaining the temperatures of phase transformations with the help of Differential Scanning Calorimetry 
(DSC) was used Setaram MHTC (Multi High-Temperature Calorimeter) 96 Line (with 3D DSC sensor, B-type). 

The measurements were carried out in alumina crucibles with a volume of 360 μl. An empty corundum crucible 

served as a reference sample. The dynamic atmosphere of helium was maintained in the furnace during 

analysis to protect the sample against oxidation. The heating rate was 5 °C/min. 

For obtaining the experimental dilatometric results was used NETZSCH DIL 402 Expedis Supreme with an 

S-type thermocouple. The measurements were carried out in sapphire ampoules. The dynamic atmosphere of 

helium was maintained in the furnace during the analysis. The purity of helium was 99.9999 %. Two 

measurements were carried out under the same experimental conditions. The heating rate used was 

10 °C/min. 

3. THEORETICAL CALCULATIONS 

Theoretical calculations were performed using thermodynamic SWs IDS (ver. 1.3.1), JMatPro (ver. 11.1 and 

database of General steel) and Thermo-Calc (ver. 2019a and database of TCFE8.1). Elements O, P, S have 

not been included in Thermo-Calc (marked as TC) calculations. The calculations were unstable with these 

elements. 

4. RESULTS AND DISCUSSION 

The temperatures of phase transformations were studied in the high-temperature area. Temperatures of 

solidus (TS) and liquidus (TL) were detected by DTA, DSC method and dilatometry (DIL). Experimental values 

were compared with theoretical calculations obtained by SW IDS, JMatPro and Thermo-Calc and with 

theoretical relations mentioned in [7-10]. Figure 1 shows the DTA curves obtained for the analysed alloys. 

Experimental phase transformation temperatures and theoretical values are presented in Table 2. 
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Figure 1 shows that with increasing chromium and nickel content for the solidus temperature, no clear trend 

of decrease or increase was evident; the temperature of the liquid decreases and the temperature interval in 

which the melting takes place narrows with increasing chromium and nickel content. 

Table 2 Phase transformation temperatures of analyzed alloys CrNi1, CrNi3 and CrNi5  

 
Experiment Calculation 

°C DTA DSC DIL IDS TC JMatPro 

CrNi1 
TS 1426 1434 1424 1425 1456 1453 

TL 1494 1498 1510 1502 1502 1503 

CrNi3 

TS 1423 1422 1422 1411 1451 1448 

TL 1487 1492 1504 1493 1494 1496 

CrNi5 

TS 1421 1427 1426 1404 1437 1432 

TL 1477 1485 1493 1483 1485 1488 

The differences between the experimental and theoretically obtained values are from 1 °C for CrNi1 alloys (TL, 

DSC-JMatPro; TS, DIL-IDS; TS, DTA-IDS) and CrNi3 (TL, DSC-JMatPro) to 32 °C for the CrNi1 sample (TS, 

DIL-TC), Table 2. The most significant differences between the experimental and theoretical values were 

demonstrated for the solidus temperature. The standard deviation between the individual experimental 

methods was between 0 °C for the CrNi3 sample (TS, DSC-DIL) and 7 °C for the CrNi1, CrNi3 and CrNi5 

samples (TL, DTA-DIL). In comparing individual software, the best match is between experimental and 

theoretical values of SW IDS. The differences between the experimental and theoretical values may be due to 

the fact that the calculations are performed in equilibrium while the experiment is only approaching it. Another 

reason may be the lack of accurate experimental data for calculations and incomplete databases. 

For comparison results of experimental methods with each other and with theoretical calculations with SWs 

was performed the statistical analysis, Figures 2 - 5. It was determined mean squared error (MSE) in °C. The 

statistical analysis of obtained results shows that the differences in the phase transformations' temperatures 

compared with the particular experimental methods are from 4 to 12 °C. The best agreement was for 

 

Figure 1 DTA curves of analyzed alloys CrNi1, CrNi3 and CrNi5 
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comparing DTA and DSC methods. The differences may be due to the effects of experimental conditions of 

individual methods, mutual interactions of individual elements and kinetics of phase transformations. 

Comparing the experimental results with the theoretical ones determined by calculations in SWs, statistical 

analysis showed that the best agreement was for CrNi5 alloy (DSC-JMP, MSE = 4° C) and the largest deviation 

for CrNi1 alloy (DIL-TC, MSE = 23 °C). A better agreement was found for SW IDS and JMaTPro. On the 

contrary, the biggest differences in comparing all experimental methods with calculations were found for SW 

Thermo Calc. 

The experimentally obtained phase transformation temperatures were also compared with calculations 

reported in the available literature. The solidus temperature was calculated according to the equations given 

  

Figure 2 Mean squared error for comparison 

of results of experimental methods 

Figure 3 Mean squared error for comparison 

of results of DTA method and theoretical 

calculation 

  

Figure 4 Mean squared error for comparison 

of results of DSC method and theoretical 

calculation 

Figure 5 Mean squared error for comparison 

of results of dilatometry and theoretical calculation 

Table 3 Calculated values of TS and TL according to the available literature 

Alloy 
TS TL 

[7] [8] [9] [7] [8] [10] 

CrNi1 1456 1380 1405 1499 1498 1508 

CrNi3 1449 1377 1401 1490 1491 1509 

CrNi5 1434 1358 1384 1479 1481 1507 
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in [7-9] and the liquidus temperature according to the equations given in [7,8,10]. The results are shown in 

Table 3. 

The differences between experimental and theoretical data are for the temperature of solidus from 7 (CrNi5, 

DSC [7]) to 69 °C (CrNi5, DSC [8]). Lower differences were found for liquidus temperature. The best match 

was for alloy CrNi3 (DSC [8], difference 1 °C), and the largest deviation was for CrNi5 alloy (DTA [10], 

difference 30 °C). 

5. CONCLUSION 

The experimental results obtained using three thermal analysis methods were compared with calculations 

using SWs and using theoretical relationships reported in the available literature. The obtained results show 

that when comparing the temperature of solid and liquid, a better agreement was found for TL compared to all 

calculations. In contrast, significant differences up to 69 °C were noted for TS. This may be due to the fact that 

the solidus temperature is difficult to determine experimentally, the method of calculation 

(equilibrium/nonequilibrium) has an effect on its shift, this temperature is less experimental and theoretically 

examined compared to the liquid temperature, so there are insufficient data for its calculation. 

Compared with theoretical calculations obtained with SWs and theoretical relations from the literature, better 

agreement with experimental results from calculations with SWs was demonstrated. This may be due to the 

fact that thermodynamic software in the calculation considers the mutual interactions of the individual 

elements. At the same time, the theoretical equations are based on experimental measurements, where these 
interactions did not have to be taken into account. 

Based on the obtained data, it can be stated that there are still differences (even tens of °C) between 

experimental and theoretical values, and it is, therefore, necessary to continue the systematic study of phase 

transformation temperatures of Fe-based systems. 
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Abstract 

Titanium aluminide alloys are considered to be attractive materials for aerospace and automotive high-

temperature applications due to their high specific strength, creep resistance, and heat resistance. However, 

their brittleness makes it difficult to manufacture complex-shaped components of these alloys using 

conventional processes making additive manufacturing a promising way to produce titanium aluminide parts. 

Additive manufacturing of titanium aluminide alloys involves high preheating temperatures affecting their 

microstructure; hence a proper heat treatment is needed to obtain desired properties. In this paper, a titanium 

aluminide alloy produced using Selective Laser Melting process with a high-temperature preheating was 

subjected to various heat treatments to study their effects on microstructure and properties of the alloy. 

Keywords: Selective laser melting, additive manufacturing, titanium aluminide, heat treatment 

1. INTRODUCTION 

Gamma titanium aluminide (γ-TiAl)-based alloys are considered to be attractive materials for aerospace 

applications due to their high specific strength at room and elevated temperatures, as well as good oxidation 

resistance [1,2]. Ti-48Al-2Cr-2Nb alloy has been used in aero-engine turbine blades for service temperature 

up to 700 ºC [3]. While TiAl alloys possess high strength, their poor ductility and brittleness at room 

temperatures severely complicate their processability by conventional manufacturing techniques and limit their 

application [4]. 

One of the promising ways to produce complex parts of titanium aluminides is additive manufacturing (AM) 

since it reduces machining to a minimum degree and allows obtained parts with a complex shape [5,6]. 

However, high residual stresses typical for most common AM processes promote cracks formation in TiAl-

alloys [7,8]. Usually, high-temperature preheating is required to obtain crack-free intermetallic parts (9). 

Selective Electron Beam Melting (SEBM) has been proved feasible in fabrication of TiAl alloys [2]. Utilizing an 

electron beam to preheat the powder bed to temperatures around 1000 ºC allows to drastically reduce residual 

stresses and suppress crack formation during the fabrication of TiAl alloys. Selective Laser Melting (SLM) with 

a high-temperature substrate preheating has also shown some promising results in producing crack-free TiAl-

alloys [10-12]. While it is possible to reduce cracking during the SLM of TiAl-alloys with a substrate preheated 

to temperatures above 800-900 ºC, the microstructure of the alloy might require additional heat treatment to 

achieve better properties. 

In this paper, a titanium aluminide alloy produced using Selective Laser Melting process with a high-

temperature preheating was subjected to various heat treatments to study their effects on microstructure and 

properties of the alloy. 
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2. MATERIALS AND METHODS 

Ti-48Al-2Cr-2Nb (at. %) alloy gas atomized (GA) spherical powder (Figure 1) was used as the feedstock 

material to fabricate the samples. The powder had the following particle size distribution: d10 = 17.4 µm, d50 = 

33.8 µm, d90 = 60.5 µm. 

 

Figure 1 SEM images of the gas atomized powder (GA) showing (a) surface morphology and (b) cross-

section of a particle 

The samples were manufactured by the SLM process using AconityMIDI (Aconity3D GmbH, Germany) system 

equipped with a 1070 nm wavelength fiber laser with a maximum power of 1000 W. Cylindrical samples with 

8 mm diameter and 15 mm height were fabricated for the investigation. The samples were fabricated on a Ti-

6Al-4V substrate, which was put on a molybdenum platform. The molybdenum substrate was inductively 

preheated to a set temperature, which was continuously controlled by a thermocouple under the molybdenum 

platform. The titanium substrate was then conductively heated by the molybdenum substrate before starting 

the L-PBF process. The process chamber was continuously flooded with high purity argon gas to achieve 

oxygen content in the chamber below 20 ppm. After the build process was finished, the platform and the 

samples were cooled down to room temperature with a cooling rate of approximately 5 ºC/min. The samples 

were produced using 900 ºC substrate preheating temperature and 48 J/mm3 volume energy density since 

these parameters allow to achieve fully-dense material according to the previous research [11]. 

Heat treatment of the samples was carried out using a Carbolite Gero vacuum furnace. Two heat treatment 

regimes were used: 1) below the α-transus (or γ-solvus) temperature at 1250 ºC for 2 h which corresponds to 

the α+γ phase field; 2) above the α-transus temperature at 1350 ºC for 2 h in the single α-phase region. 

Furnace cooling was used for both of the regimes. 

The as-fabricated samples were cut and polished along the build direction (BD) for the microstructural 

characterization. Mira 3 LMU TESCAN scanning electron microscope (SEM) in backscattered electrons (BSE) 

mode was utilized to evaluate the microstructures. Energy Dispersive Spectroscopy (EDS) was used for the 

chemical analysis of the samples and powders on the polished cross-sections. The phase composition of the 

powders and the fabricated samples was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) using 

Cu-Kα (λ = 1.5418 Å) irradiation.  

Room temperature compression tests were performed using a universal testing machine (Zwick/Roell Z100, 

Germany) with a strain rate of 0.1 mm/min. A minimum of three samples per point were tested. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the microstructure of the sample in the as-fabricated condition. The obtained microstructure 

is very fine and consists mainly of lamellar α2/γ colonies and α2-grains (γ-phase appears dark, while α2-phase 
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shows a light contrast). Crescent-shaped melt pool boundaries with a width of about 80-90 µm can be 

distinguished in the BSE-images as can be seen in Figure 2 (a). Some amounts of retained metastable β-

phase might also be present in the alloy obtained by SLM due to high cooling rates during the SLM process, 

however the XRD results (Figure 3) showed that only γ and α2 phases were found in the material. 

The substrate preheating temperature of 900 ºC during the SLM corresponds to α2+γ phase field. During the 

laser melting of powder material and subsequent solidification the Ti-48Al-2Cr-2Nb alloy solidifies through the 

α-region, then γ-phase starts to nucleate, and the order-disorder transition from α to α2 occurs. Additionally, 

due to partial Al evaporation during the SLM process coupled with high cooling rates some residual β-phase 

might form in the material. The SLM process involves complex thermal history of the material characterized by 

repetitive heating and cooling of the solidified material. Laser melting of the powder layer leads to heating of 

the underlying solidified material. This leads to heating of the alloy above the eutectoid temperature in the α+γ 

phase field resulting in the formation of fine α2+γ colonies. 

(a) (b)  

Figure 2 BSE-SEM-images of the TiAl-alloy sample fabricated by SLM 

 
Figure 3 The XRD patterns of TiAl-samples in the as-fabricated and heat-treated states 
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Microstructure of TiAl-based alloys is very sensitive to process conditions and chemical composition of the 

alloy. Depending on the phase composition and morphology, microstructure of TiAl-alloys can usually be 

characterized as fully lamellar, near lamellar, duplex, and near gamma [13]. Mechanical properties of TiAl-

alloys can be tailored depending of the type of microstructure and their service conditions. For example, duplex 

microstructure demonstrates better room temperature ductility, but lower creep resistance compared to fully 

lamellar microstructure. Near lamellar microstructure is considered to be the most favorable for high-

temperature applications since it provides balanced room temperature and creep resistance at elevated 

temperatures. Thus, a postprocessing treatment is necessary to modify the microstructure of the alloy. 

Figure 4 shows BSE-SEM images of the sample after heat treatment at 1250 ºC for 2 hours. This temperature 

corresponds to α+γ phase region and is a little above the eutectoid temperature according to the binary Ti-Al 

phase diagram [14]. Annealing the material above the eutectoid temperature resulted in the formation of a near 

gamma microstructure. In this case, the microstructure consists of equiaxed γ-phase grains with a size of about 

7 µm (a dark contrast) and some amount of α2-phase (a bright contrast). The content of α2-phase can be 

varied by adjusting the annealing temperature. In the case of 1250 ºC, the volume content of α2-phase is 

roughly 30 % according to microstructure images analysis. Near gamma microstructure of TiAl-based alloys is 

characterized by an improved room temperature ductility, but inferior creep properties. Hence, this heat 

treatment temperature might be not optimal for high-temperature applications. 

(a)  (b)  

Figure 4 SEM-images of the TiAl-alloy sample fabricated by SLM after heat treatment at 1250 ºC 

When annealing temperature was increased to 1350 ºC, the microstructure of the TiAl-alloy changed to 

lamellar morphology (Figure 5) with α2/γ phase lamellas located within colonies. The annealing temperature 

of 1350 ºC is above α-transus for the studied TiAl-based alloy and results in the formation of fully lamellar 

microstructure. The colonies size is around 300 µm, while the lamellar spacing is 0.5-1.0 µm. 

Lamellar microstructure of TiAl-based alloys is characterized by relatively high creep resistance and fracture 

toughness compared to duplex or near gamma microstructures. At the same time, fully or near lamellar 

microstructures suffer from poor ductility. Thus, heat treatment temperature should be chosen based on 

specific requirements for material properties and its working conditions. For improved high-temperature 

performance of the SLM-ed TiAl-based alloy annealing at temperatures slightly above α-transus is 

recommended as fully lamellar microstructure is expected to exhibit higher creep resistance compared to as-

achieved fine duplex microstructure or near-gamma microstructure after annealing at temperatures below α-

transus. 
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(a)  (b)  

Figure 5 SEM-images of the TiAl-alloy sample fabricated by SLM after heat treatment at 1350 ºC 

Compressive tests at room temperature (Table 1) showed that annealing at 1250 ºC resulted in highest 

compressive strength of the alloy, which corresponds to near-gamma microstructure and the highest volume 

fraction of α2-phase. At the same, near-gamma microstructure showed the highest values of deformation which 

is in a good agreement with the literature data [13] according to which the near-gamma microstructure features 

an improved room temperature ductility compared to lamellar-type of structure. For future investigations, creep 

tests should be carried out to investigate the effects of heat treatment regimens on high-temperature behavior 

of SLM-ed TiAl-alloys. 

Table 1 Results of room temperature compressive tests of TiAl-based samples. 

Material Ultimate compressive strength, MPa Compressive strain, % 

As-SLM 1690±70 24.3±1.5 

Annealing at 1250 ºC 1740±20 34.4±1.0 

Annealing at 1350 ºC 1380±40 27.5±1.5 

4. CONCLUSION 

In this paper, a titanium aluminide alloy produced using Selective Laser Melting process with a high-

temperature preheating was subjected to various heat treatments to study their effects on microstructure and 

properties of the alloy. 

The as-fabricated TiAl-based alloy exhibited very fine duplex microstructure. Depending on the annealing 

temperature, near-gamma or fully lamellar microstructure was obtained. Near-gamma microstructure of the 

alloy showed the highest values of room temperature compressive strength and strain. For future 

investigations, creep tests should be carried out to investigate the effects of heat treatment regimens on high-

temperature behavior of SLM-ed TiAl-alloys. 
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Abstract 

As part of the work, an alternative environmentally friendly technology for water treatment of natural waters 

was proposed and tested, based on the combined use of hydrodynamic water treatment and ultrafiltration on 

ceramic membrane filters. The hydrodynamic characteristics of the treated water flow have been determined 

to achieve the maximum intensification of the oxidation processes of ferrous iron and manganese ions without 

the use of additional air ejection. The modes of hydrodynamic treatment of natural waters with additional air 

ejection were selected. The possibility of associated removal of highly corrosive admixture of dissolved 

hydrogen sulfide from natural waters and a decrease in the total hardness of the treated water has been 

established. The high efficiency of membrane tubular filters in the processes of removing dispersed impurities 

has been confirmed. 

Keywords: Water purification, deferrization, hydrodynamic treatment, ultrafiltration, ceramic membranes 

1. INTRODUCTION 

Much attention has always been paid to the issues of industrial water treatment, and at present the problem 

has not lost its relevance. Depending on the requirements for the quality of the water used, vary. So, for 

example, for the operations of electrochemical coatings, fully demineralized water is required, and the 

operation of heating equipment (heat exchangers, water heating systems) requires mandatory softening of 

water. 

Water coming from centralized water supply systems often does not meet high requirements and requires 

significant additional treatment. That is why the majority of enterprises of the metallurgical complex on the 

territory of the Russian Federation use water of artesian origin for make-up purposes. 

Regardless of the place of operation of the artesian well, the water quality is quite high, it is bacterially not 

contaminated and has relatively low concentrations of inorganic salts Fe, Mn, Ca, Mg, Sr [1]. That is why 

artesian water is more preferable for water treatment processes, both from an economic and a technological 

point of view. 

A prerequisite for the reliable and economically justified operation of the reverse osmosis system is the removal 

of iron and manganese compounds from the compounds, since during processing these compounds can pass 

from a justified form to an undissolved one, causing serious damage to membrane equipment. 

In addition to the effect on the iron and manganese compounds on membrane elements, Fe2+ ions can intensify 

the corrosion processes of technological equipment, which can lead to its failure. (Figure 1). Metal losses 

associated with corrosion, according to various estimates, reach 12 % of the volume of all metal structures [2]. 

The appearance of the pumping equipment of an artesian well with a high level of equipment utilization is 

shown in Figure 1. The average pump service life according to the passport is 5 years, while after 2 years the 

pump (Figure 1) failed. 
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Figure 1 Photo of a failed borehole pump due to the high content of Fe2+ compounds in artesian water 

Along with Fe2+ compounds, natural water contains accompanying Mn2+ impurities, which can cause blockage 

of pipes and significantly reduce the heat exchange characteristics of technological equipment. The presence 

of hardness salts in natural waters also has a negative effect on the heating surfaces of heating equipment, 

forming hard-to-remove Ca and Mg compounds on the surface. 

The compounds listed above, contained in natural water, are currently not removed in the process of reagent 

oxidation (ozonation, chlorination) followed by the removal of colloidal particles on polymer filters [3-5]. 

High reagent costs, the complexity of the service system and the size of treatment facilities dictate the need 

to search for new highly effective methods for removing iron and manganese compounds from water. 

Recently, more and more information about the prospects of using non-reagent methods of deferrization and 

demanganation based on hydrodynamic and cavitation processes has been encountered [6-7]. The 

combination of hydrodynamic treatment in combination with filtration of non-ceramic porous membranes was 

especially effective [8] 

The main purpose of this work is to assess the possibility of using hydrodynamic water treatment in the 

processes of purification of artesian water from iron and manganese compounds for the heat engineering 

needs of a metallurgical enterprise. 

2. RESEARCH MATERIALS AND METHODS 

To assess the effectiveness of the process of water purification from dissolved iron and manganese 

compounds, a hydrodynamic oscillator was used, developed at the Department of Innovative Materials and 

Corrosion Protection of the Russian University of Chemical Technology. DI Mendeleev (Figure 2). 

 

Figure 2 Schematic diagram of a hydrodynamic oscillator and its wiring diagram 
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This device uses the energy of the flow of water passing through it, with the creation of stable cavitation 

resonance phenomena in it. The presence of this effect is due to the exact internal geometric characteristics 

of the GDGK device, coupled with certain hydrodynamic characteristics of the treated water flow supplied by 

the pumping equipment used. Due to the presence of tangential channels, when the flow of the supplied water 

swirls inside the working chamber, a vacuum zone arises, which makes it possible to eject air directly into the 

working chamber of the GDGC device or (if it is necessary to increase the oxidation state for a single treatment) 

an ozone-air mixture. 

The use of a GDHC device promotes the insoluble state of Fe2+ Mn 2+ compounds due to their oxidation, allows 

efficient oxidation of various substances (hydrogen sulfide, organic substances), and helps to reduce the total 

hardness of water by changing the ratio of hydrocarbonates and carbon dioxide. The insoluble compounds 

formed during processing are effectively removed from water during filtration through ceramic membrane 

elements with a pore size of 0.07-0.2 μm (Figure 3) [9]. 

 

Figure 3 Ceramic membrane element assembled and in section 

The process of regeneration of the filtering surface of the ceramic membrane element is carried out in a 

counter-current mode with previously purified water. Such a technical solution allows to fully automate the 

technology of artesian water purification. 

The determination of the content of metals in water before and after treatment was carried out on an AASA2 

atomic absorption spectrometer with gas atomization (Akvilon, Russia). 

The content of iron (Fe2+) and manganese (Mn2+) compounds was determined on a portable DR 900 

spectrophotometer (HACH, USA). 

The object of the study was artesian water from the territory of the metallurgical production of the Moscow 

region used for the needs of heating and recycling water supply. 

3. EXPERIMENT RESULT AND DISCUSSIONS 

At the first stage of the experiments, the fundamental possibility of oxidizing iron compounds using the 

hydrodynamic device described above was investigated. Data on the change in the concentration of iron 

compounds Fe2+ are presented in Table 1. 

Table 1 Efficiency of removal of iron and manganese compounds from the model water solution 

Indicator Residual concentration, mg / l 

Source water Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Iron Fe2+ 0.65 0.12 0.05 <0.01 <0.01 <0.01 

Manganese Mn2+ 0.13 0.07 0.06 <0.05 <0.05 <0.05 
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From the data presented in Table 1, it can be concluded that even with a single treatment of water using a 

hydrodynamic device, it is possible to reduce the concentration of Fe2+ by 75 %, and with repeated treatment 

(water recycling), the concentration of Fe2+ decreases to the level of the standard for drinking and industrial 

water. One-time water treatment allows to reduce the manganese content in water by 50 %, while the repeated 

water treatment also brings the manganese content to the standard level. The residence time of the treated 

water in the hydrodynamic device is less than 1 sec, the linear velocity is > 25 m*s-1. 

Based on the data on the similarity of the behavior of iron and manganese compounds during hydrodynamic 

treatment and an extremely low concentration of manganese, further analytical control was carried out only by 

the content of iron ions, as the most critical parameter. 

It is known that during storage in the open air, iron can spontaneously oxidize and fall to the bottom. Evaluation 

of the effect of hydrodynamic treatment on the rate of iron oxidation was carried out by changing the 

concentration of Fe2+ in water before and after treatment in air. The data on the change in the concentration 

of Fe2+ in the initial and treated water in the hydrodynamic device are presented in the graph in Figure 4. 

 

Figure 4 Change in the concentration of Fe2+ in the source and treated water 

From the data of the graph in Figure 4, it can be concluded that the hydrodynamic treatment of water makes 

it possible to increase the rate of oxidation of iron compounds by almost 8 times. 

Data on changes in the chemical composition of artesian water during hydrodynamic treatment in combination 

with filtration on a ceramic membrane filter are presented in Table 2. 

Table 2 Chemical composition of artesian water before and after treatment 

Indicator 
Residual concentration, mg / l  

Standard  [10] Source water After processing 

Iron total 1.38 0.14 0.3 

Iron Fe2+ 1.11 0.11 0.3 

Manganese 0.17 < 0.05 0.1 

Rigidity, 6.77 5.89 6.0 

Suspended substances 5.8 <0.1 1.0 
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From the data presented in Table 2, it can be concluded that hydrodynamic treatment of water in combination 

with microfiltration processes on ceramic membranes allows removing iron compounds from artesian water 

with an efficiency of up to 90 %, but also significantly reducing the content of manganese, hardness and 

suspended solids [10]. 

4. CONCLUSION 

As part of the work done, the effectiveness of the application of the hydrodynamic treatment method in the 

processes of deferrization and demanganation of artesian water used for the heat engineering needs of a 

metallurgical enterprise in the Moscow region was assessed. 

It was found that a single treatment of artesian water allows more than 75 % to reduce the concentration of 

dissolved forms of iron and 50 % of manganese compounds. It has been proven that in the process of passing 

water through a hydrodynamic device, not only direct oxidation processes occur, but the processes of indirect 

oxidation of iron compounds are intensified during exposure to the open air. 

An extended study of the chemical composition of artesian water before and after hydrodynamic treatment (in 

combination with microfiltration on ceramic membrane elements) allows you to effectively remove iron and 

manganese compounds from water, and also helps to reduce the total hardness and minimizes the content of 

suspended solids. 

The results obtained will significantly simplify the instrumental scheme of the water treatment process, 

completely abandon the use of reagents, which will significantly increase the economic feasibility of the 
artesian water purification process. 
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Abstract 

This investigation was carried out to determine the wetting characteristics of low alloy steel grades that 

contained, among other elements, chromium around 5 wt.% and oxygen up to approximately 400 ppm. The 

tests were performed from the melting temperature to a temperature of 1,600 °C using a high-temperature 

observation furnace CLASIC operating under non-oxidizing conditions. The influence of oxygen on the 

examined steel's wetting behavior, i.e., the temperature dependence of surface tension and wetting angle, was 

found and verified by statistical analysis using the Kruskal-Wallis test. In addition, the phase transition 

temperatures, ascertained from DTA measurements, were in strong correlation with those theoretically 

calculated. To provide better insight into the wetting mechanism, SEM/EDX analyses of the wetted alumina 

surface and of the vertical cross-section of the steel/alumina interface were made using a scanning electron 

microscope (SEM) JEOL 6490 LV. Beyond the mentioned techniques, the study was accompanied by 
calculations performed in FactSage oxide database. 

Keywords: Wetting, phase interface, chromium, oxygen, steel 

1. INTRODUCTION 

The low-alloy steels belong to a group of ferrous materials containing alloying elements in an amount less than 

that of stainless steels (<10 %) and greater than 2.07 % [1]. It is a wide variety of steel grades with specific 

challenges concerning fabrication, welding, and application. This requires, among others, detailed knowledge 

of their metallurgical structure, thermodynamic, rheological, and surface properties. Their mechanical 

characteristics and resistance to rust are better compared to plain carbon steels. Those based on chromium 

and molybdenum series are important due to their creep-resistant level, high-temperature proof strength, and 

impact/toughness resistance [2,3]. The addition of chromium and nickel improves thermal stability and impairs 

corrosion resistance, making these steels popular for applications exposed to elevated temperatures without 

getting too hot [4]. Besides, low alloy steels are used mainly in the nuclear industry for cooling and piping 

systems, containers, structural materials, and rebars in concrete [5]. 

As outlined above, surface properties (surface tension in particular) are among the industry's key 

characteristics. Surface tension is a physical force arising from the fact that bulk atoms interact with 

surrounding atoms gaining zero net force, contrary to the surface atoms subjected to a net inward force from 

the neighbor atoms. Regarding a multicomponent alloy, atoms whose energy state is affected negligibly by the 

surface are preferably segregated in the surface. Oxygen is strongly surface-active, and its energy changes 

concerning segregation are relatively large compared to most metals. In other words, it influences the surface 

tension on a grander scale [6,7]. For molten iron, the oxygen partial pressure around 0.01 Pa decreased the 

surface tension by several percent, changed the surface tension temperature coefficient from positive to 

negative, and altered the course of surface tension temperature dependence to a boomerang - like shape [8]. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

134 

Similar results were achieved by Morohoshi et al. when the oxygen activity was controlled between 10-12 and 

10-10 and carbon activity was kept at 10-3 [9]. Looking at more complicated systems, oxygen acts as a surface-

active element, mainly reducing surface tension, thus respecting the isothermal dependence of surface tension 

on oxygen activity [10]. It is also worth underlining that, for polycomponent steels, the surface properties are 

hard to model, and therefore these properties can be obtained primarily by experiment [11]. 

In this study, we have assessed the effect of oxygen and temperature on the surface tension of low-alloyed 

steels varying in oxygen content. Furthermore, we also focused on the interactions between steel and 

corundum substrate and, in particular, on the wetting mechanism. 

2. EXPERIMENTAL RESEARCH 

2.1. Preparation of alloy samples 

Three alloy samples, the composition of which is listed in Table 1, were measured by the sessile drop method 

to determine the surface properties. The samples were cylindrical (5 mm diameter x 5 mm height) and, before 

the experiment, they were mechanically cleaned and washed in acetone. The corundum substrates (dense 

alumina, 98 wt.% Al2O3) were pretreated by heating at 1,150 °C for 6 hours, and shortly before the wetting 

test, they were cleaned with acetone. 

Table 1 Composition of steel samples 

Sample 
O Cr Co S P C Ni N 

(ppm) (wt.%) 

1 236 4.645 0.023 0.006 0.004 0.003 0.002 0.002 

2 317 4.553 0.027 0.006 0.005 0.002 0.003 0.003 

3 367 4.386 0.009 0.007 0.003 0.003 0.002 0.002 

The content of other elements Si, Al, Cu, Ti, Mo, V and B was less than 10 ppm, approximately 95 % remainder 

corresponds to iron. 

2.2. Wetting tests 

The tests were performed in the observation furnace Clasic starting from laboratory temperature to 1,600 °C 

with a heating rate of 5 °C·min-1. After sealing, the furnace was evacuated to approximately 0.1 Pa and washed 

with argon (> 99.9999 %). An inert atmosphere of argon was maintained during the measurement to prevent 

oxidation of the sample. A camera CANON EOS 550D took the images of sitting melted droplets. For further 

details, see article [12].  

2.3. Experimental methods 

The semiquantitative X-ray microanalysis was performed using a scanning electron microscope JEOL 6490LV, 

equipped with EDX analyzer INCA in the mode of backscattered electrons. The experiments were performed 

with settings: thermo-emission cathode LaB6, voltage 20 kV, resolution of 3.0 nm, low vacuum. XRD (X-ray 

powder diffraction) was carried out by a Bruker-AXS D8 Advance diffractometer with CuKfiltered radiation, 

voltage 40 kV, current 40 mA, step by step mode of 0.014° 2Θ, total time on step 25 s, and angular extent 5-

80° 2Θ. This device operates with Bruker AXS Diffrac, Bruker EVA, and Bruker Topas software. DTA 

(Differential Thermal Analysis) experimental measurements were made by Setaram Setsys 18TM instrument 

equipped with S-type thermocouples and at a heating rate of 10 °C min−1 under an inert atmosphere of argon. 

Liquidus temperatures were corrected considering the heating rate and sample mass. Interaction between 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

135 

steel and corundum substrate and phase growth depending on temperature were calculated using FactSage 

7.2 with databases FToxid, FSsteel and FactPS. 

3. RESULTS AND DISCUSSION 

3.1. Wetting tests 

Figure 1 depicts the temperature dependence of steel surface tension. Samples showed a moderate increase 

in surface tension with temperature. In other words, the temperature coefficient of surface tension was positive 

(Table 2). This is related to the sulfur contents that are equal to or greater than 60 ppm. Furthermore, it is 

evident that oxygen affected the surface tension, i.e., with increasing oxygen content, the surface tension 

decreased. 

  

Figure 1 Surface tension as a function of 

temperature 

Figure 2 Boxplot of oxygen effect on surface 

tension within temperature range 1,550 - 1,600 C 

Regarding the surface tension, the measured data were normally distributed as proven by Shapiro-Wilk test. 

All linear models (see Table 2) were statistically significant at the significance level of 5 % (F-test). According 

to Kruskal-Wallis test, the oxygen influenced the surface tension (p << 0.001), i.e., the differences in surface 

tension were statistically significant at all observed oxygen levels. This is also evidenced by the corresponding 

boxplot (Figure 2). 

Table 2 Linear parameters of surface tension temperature dependence 

Sample Tref (°C) σref (mN·m-1) dσ/dT (mN·m-1·°C-1) ΔT (°C) Tl DTA (°C) Tl FS (°C) 

1 1,550 1,355.3 543.3·10-3 1,550 - 1,600 1,527 1,528 

2 1,550 1,163.5 1,717.9·10-3 1,550 - 1,600 1,527 1,529 

3 1,550 1,095.8 1,852.3·10-3 1,550 - 1,600 1,528 1,529 

Using equation (1), the surface tension can be expressed as a function of temperature. Calculated parameters 

are listed in Table 2. 

�'&* � �g�� L �y�< ∙ �& ) &g���             (1) 

where σref (mN·m-1) is surface tension at reference temperature Tref (°C), and dσ/dT (mN·m-1·°C-1) denotes 

temperature coefficient of surface tension. 
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The temperature dependences of the wetting angles are in Figure 3, pointing out that there was only a very 

slight dependence on the temperature, and, in the case of sample 2, almost none. Moreover, as the oxygen 

content of the steel increases, the wetting angles decreases. Figure 4 shows images of sample 2 assembly 

at certain temperatures, including wetting angles at 1,500 °C and 1,600 °C. 

  

Figure 3 Average wetting angle depending on 

temperature 

Figure 4 Images of sample 2 resting on alumina 

substrate at selected temperatures A) 1,500 °C, B) 

1,530 °C, C) 1,550 °C, D) 1,600 C 

Steel liquidus temperatures were determined experimentally by the DTA method (Tl DTA) and subsequently 

compared with theoretically calculated using the FactSage software (Tl FS), with a high agreement (see 

Table 2). 

3.2. Mechanism of wetting 

After the wetting test, the diffraction patterns of the substrate corresponding to sample 2 showed a split in 

corundum diffraction lines referring to two corundum phases of different lattice parameters. The more intensive 

corundum phase is the normal corundum, while the second is Cr doped corundum causing a violent tint at the 

point of contact with steel [13]. No other phases were found (Figure 5). 

 

Figure 5 XRD analysis of corundum substrate after wetting test of sample 2 

To elucidate the wetting mechanism and deeply investigate the interactions occurring at the phase interface, 

we performed a FactSage simulation of the sample 2 arrangement (Figure 6). As regards the steel, the 

dominant phases were FCC and BCC steel matrices up to approximately 1,520 °C when they were swiftly 
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suppressed by a liquid phase reaching a maximum at 1,529 °C. Besides, the formation of various oxides, 

carbides, and sulfides also occurred at a broad temperature range but to a much lesser extent. On the other 

hand, in the case of corundum substrate, the evolution of phases was more intriguing. The most abundant was 

corundum, which was altered in favor of calcium aluminosilicate, melilite, and hibonite, beginning at < 500 °C, 

735 °C, and 1,110 °C, respectively. Even though hibonite concentration was more prominent than 10 wt. %, it 

was not detected by XRD and EDX analyses like the other two mentioned phases. Of particular interest is the 

partial melting of the substrate surface at temperatures above 1,425 °C which could affect the wetting. 

Additionally, garnet was present until the temperature of 735 °C. 

 

Figure 6 Interaction between alumina substrate and sample 2 calculated using FactSage 7.2 

Moreover, the SEM analysis was carried out to characterize the microstructures of steel-corundum couple. 

Due to the higher oxygen content in the investigated steels, chromium, a relatively weak deoxidant, formed a 

fine ragged chromia layer on the droplet surface (Figure 7A) [14], which prevented the formation of a droplet 

in the early stages (Figure 4B). For this reason, the temperature dependences of the surface tension and the 

wetting angles are given only as from 1,550 °C. The area of corundum substrate around the drop remained 

unchanged except that Fe, Cr-rich small-sized particles were observed there (Figure 7B). As for the area 

under the droplet, the corundum substrate was partially melted (Figure 7C), bearing identical steel particles. 

 

Figure 7 SEM images of sample 2 assembly. A) free droplet surface, B) unwetted area, C) wetted area 
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If we combine the results presented so far in this section, it can be assumed that non-reactive or inner wetting 

occurred during the experiments [15]. 

4. CONCLUSION 

In this work, the wetting of alumina substrate by chromium steel with higher oxygen content was analyzed, and 

the results can be summarized as follows:  

 The surface tension of the investigated steels increases slightly with temperature and decreases with 
increasing oxygen content of steels.  

 The wetting angles were almost independent of the temperature within the given temperature range 

(1,550 °C and 1,600 °C) and decreased with increasing oxygen content. 

 The higher oxygen content (up to nearly 400 ppm) caused the formation of a thin chromia layer. This 
limited the determination of surface properties by the sessile drop method.  

 The results of SEM and XRD analyzes confirmed non-reactive wetting. Only chromium-doped corundum 

was found on the corundum surface under the drop. The structure of the remaining surface area has 

not changed. 
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Abstract 

When designing blowing systems for a high-temperature reactor, we can primarily use mathematical tools that 

allow us to determine the state quantities of the flowing medium using a calculation. In many cases, however, 

it is necessary to verify these calculated quantities, e. g. by using a model. On the other hand, there is also a 

frequent situation occurring, when information needs to be obtained on an existing blowing system or its parts. 

In both cases, we must determine the basic parameters and properties of the flowing medium. These basic 

parameters include, in particular, the pressure and temperature of the flowing medium, and we address them 

as the so-called evaluating quantities. Specially designed probes are used to measure these evaluating 

quantities of the flowing medium, which differ from each other, depending on which flow parameter is being 

measured by the given probe. The submitted paper lists selected types of probes that can be used to measure 

the evaluating quantities of the lance outflows in the blowing systems which are used to blow gas media into 

the workspace of the high-temperature reactors. The possibility to compare calculated results to the measured 

ones supplies the designers of the blowing systems with important information on the reliability of their 

mathematical calculations and, thus, they can refine and correct their calculations so that they correspond as 

closely as possible to the real state. 

Keywords: Gas blowing, lance outflows, blowing systems, press probes, temperature probes 

1. INTRODUCTION 

From the previous work in the field of the aerodynamics of lance outflows of free-flowing media for an ideal 

gas, it is known that the quantitative distribution of the determining quantities (Mach number M, gas speed v, 

temperature T etc.) is a function of the evaluating quantities (static pressure p, stagnation pressure po and 

stagnation temperature To), the distribution of which can be determined experimentally. Measurement of 

values po, p and To for free outflow gas is the input for calculating the distribution of the determining quantities 

(v, M, T, ρv2). The measurement method is based on the use of specially designed probes (sensors) applicable 

to subsonic and supersonic flowing medium, with which we can measure the relevant quantities [1-4]. The 

implementation of experimental measurement of evaluating quantities is a comprehensive and demanding 

task. This is particularly due to the installation of the measuring device and ensuring the necessary source 

(flow) of gas in case we want to take measurements directly on the work itself. For precise spatial determination 

of the position for the individual measured points or cross-section, we can use, for example, the results of 

mathematical calculations, or the results of one of the methods used for the visibility of the outflows [5]. 

2. PRESSURE MEASUREMENT  

Relationship between stagnation pressure p0 and static pressure p is determined by the following formula, 

applicable for the so-called ideal gas 
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�\� � �1 L ~+�� . S�� ����              (1) 

where:  

p0 - stagnation pressure (Pa), 

p - static pressure (Pa), 

M - Mach number (1),  

k - the ratio of specific heats at constant pressure and constant volume (1).  

After modifying it, we get a mathematical expression in which the flow speed v occurs 

�\� � �1 L '~+�*.�e
�~�< � ����

             (2) 

where:  

T - static temperature (K), 

R - gas constant, ratio between the universal gas constant and the molecular weight of the gas (1),  

v - flow speed (m.s-1). 

This means that if we know the stagnation pressure and the static pressure, then we can calculate the flow 

speed at the defined point using the following relationship 

Y � j���\� ����� ) 1� . �~�<~+�             (3) 

To measure the distribution of stagnation pressure po on models and real works, probes on the principle of a 

Pitot tube are. These probes, in their shape, allow measurements in supersonic and subsonic areas of free 

outflow media. The dimensions of these probes are minimized to affect the gas flow as little as possible and, 

thus, to cause errors in the measurement. Miniature dimensions guarantee accurate sensing of the measures 

quantity at a given point of the flow cross-section. For example, the internal diameter ØD is in the order of one-

tenth of a millimetre. 

 

Figure 1 - Probe diagram for measuring the stagnation pressure 

For their minimized dimensions, these probes are also suitable for measurements on models. A probe diagram 

for measuring the stagnation pressure is displayed in Figure 1. The stagnation pressure can be taken from 

the measuring probe to the converter po - U, where this pressure is transferred to electrical voltage using a 

pressure sensor. Thus, the obtained values can be recorded and further processed. A schematic example of 
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a probe for measuring the distribution of static pressure p, both in the free outflow axis and in the cross-

sections, is displayed in Figure 2.  

 

Figure 2 - Probe diagram for measuring static pressure 

The probe is designed to measure the value of static pressure in both supersonic and subsonic free flow areas. 

The outer diameter of the probe active part is usually about one millimetre. The pressure is scanned via several 

holes with a diameter of 0.2 to 0.3mm. Technical conditions for measurement and data processing is 

analogous to probes for measuring stagnation pressure. In practice, probes are also used to measure 

stagnation and static pressure simultaneously. An example of such a probe is the Prandtl tube [6], [7]. For 

stagnation and static pressure probes to measure actual flow parameters, their longitudinal axis must be 

oriented precisely in the direction of the streamlines of the given flow, or flow speed vector [1],[4]. To determine 

the direction of the flow speed vector, multi-hole probes can be used. The principle of measurement is 

schematically illustrated in Figure 3. If the flow speed vector (streamlines axis) with the probe axis is at an 

angle α, then the pressure at points A and B will be different. By rotating the axis of the probe, we can achieve 

equalities between the two pressures. If the equality of the two pressures is achieved simultaneously and in a 

plane perpendicular to the cross-section plane shown in Figure 3, then the axis of the probe is oriented in the 

direction of the measured flow streamline (flow speed vector). 

   

Figure 3 Speed vector direction measurement scheme 

3. TEMPERATURE MEASUREMENT 

To measure the stagnation temperature To, there are many probe designs. An example of this is the probe 

diagram shown in Figure 4. A temperature sensor is located in the flow medium stagnation area. The 

temperature waveform can be recorded continuously at the appropriate speed of the probe feed. Stagnation 

temperature, static temperature and the speed expressed using the Mach number is to follow the relationship: 

<\< � �1 L ~+�� . S��              (4) 

Where: 

T0 - stagnation temperature (K), 
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Due to imperfect stagnation of the flow and heat exchange with the external environment, the probe measures 

the temperature Tm, the value of which lies between the temperatures T0 and a real value of temperature T. 

Relationship between temperatures T0 and T is given by the formula: 

              (5) 

Where: 

r - restitution factor (1),  

cp - specific heat capacity at constant pressure (Jkg−1K−1) 

The restitution factor value must be as close as possible to 1 for the widest possible range of Mach number 

M. If r=1, the relationship between T0 and T temperatures is given by:  

               (6) 

In practice, combined probes are also used to measure the stagnation pressure and temperature at the same 

time. 

 

Figure 4 Probe diagram for measuring the stagnation temperature 

4. SELECTED RESULTS OF MEASUREMENTS FOR EVALUATED QUANTITIES IN OUTFLOW GAS  

Figure 5 shows a diagram of the alternative arrangement of the measuring equipment used to measure 

evaluating quantities in gas flow streaming from individual refining nozzles. This whole measuring system can 

be divided into subsets of pneumatic, kinematic, and electrical. 

 

Figure 5 Diagram of measuring probe movement before the nozzle 
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Pneumatic subset. It is used to produce, distribute, and regulate gas pressure to a constant value before a 

nozzle p_oL=const. In case we use air as a blown medium, it can be removed from an accumulator refilled 

with a compressor with sufficient power. Desired pressure value p_oL before the nozzle can be set with the 

help of a reducing valve. For measuring the flow rate of the blown gas, it is possible to use, for example, an 

orifice meter placed before the nozzle. 

Kinematic subset. It is used to ensure even movement of the measuring probe in space. Automatic feed in 

all three directions of axes x, y and z are used. Axis x is identical to the longitudinal line of the outflow o. Axis 

y is perpendicular to the longitudinal line of the outlet flow o, with the axes x and y form a horizontal plane. 

Axis z is perpendicular to the plane xy. The beginning of the coordinate system is on the longitudinal axis of 

the outflow o. The nozzle head must be firmly fixed to the clamping device of the measuring instrument. 

     

   

Figure 6 Changes to the selected evaluating quantities in the nozzle output cross-section x=0 

Electric subset. It is used to measure input and output evaluating quantities of gas, sensor positions, and 

values of pressures and ambient temperatures. To measure pressure and move, a pressure gauge fitted with 

resistance transmitters can be used. The evaluating quantities are usually recorded as a function of 

displacement. 

Examples of selected courses of measured evaluating quantities, i.e., the stagnation pressure p0, static 

pressure p and stagnation temperature T0, for selected media pressure values before the nozzle p_oL, are 

displayed in Figure 6 and Figure 7 [8]. These evaluating quantities were measured both in the axis of the 

outflow and in selected cross-sections perpendicular to the longitudinal streamline axis of the outflow equipped 

with a measuring probe oriented at a given point in such a way that its longitudinal axis is in the direction of 

the flow speed vector. By calculation, you can determine the values of the M, v and ρv2.  
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Figure 7 Changes in the selected evaluating quantities of the outflow in different distances from the outlet 

cross-section in the direction of the longitudinal axis of the outflow o up to 200 mm 

5. CONCLUSION 

To design the optimal dimensions of the blower nozzles, it may be necessary to complement the calculations 

and results by measuring on a model or on the work itself, in different nozzle working modes. Depending on 

the nature of distribution for the different types of evaluating quantities and the relevant determining quantities 

calculated from them, the e. g. the dynamic effect of the flow on the bath can be determined, change in the 

concentration of blown oxygen, and the most suitable nozzle position with an increase of its service life with 

reduced wear of the lining in the given thermal unit. The possibility and means of measuring evaluating 

quantities of the outflow jets allow this feedback to be realized to obtain valuable information about the real 

behaviour of a particular lance or nozzle design. In addition, these results help to improve the design of these 

special probes for pressure and temperature measurement, especially with regard to increasing their accuracy 

and reliability. The possibility of verifying the real parameters of outflow jets from lances and nozzles gives 

designers valuable feedback based on which it is possible to correct future designs of individual components 

for the gas flow systems. 
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Abstract  

The submitted article deals with the study of casting and solidification of a 12 t ingot made of structural steel 

42CrMo4 using numerical simulations in the THERCAST® and MAGMASOFT® software. The possibilities of 

each individual software in filling and solidification of steel were assessed, including the prediction of ingot 

defects such as porosity, shrinkage cavities or shrinkage porosities; the proportion of liquid phase, segregation 

of selected elements and solidification time were also monitored. The results of the numerical simulations 

indicated that THERCAST® allows easier use of higher types of approximation of the function sought in order 

to increase the accuracy of the solution. If a part of the model needs to be defined more precisely, 

THERCAST® software can achieve this with local refinement, while places with simple geometry can be 

described using a coarser mesh. Unlike MAGMASOFT® in the basic version, THERCAST® has the possibility 

to simulate various behaviours of the material based on one geometric model, including, e.g., deformation, 

stress, density.   

Keywords: Numerical simulation, THERCAST®, MAGMASOFT®, steel ingot, casting, solidification 

1. INTRODUCTION 

Numerical simulations are a very important and useful tool in verifying and optimizing modern metallurgical 

processes. They allow us to predict, for example, the characteristics of steel flow in production units, 

temperature profiles, steel crystallization, the occurrence of defects, stress states in the ingot, the distribution 

of elements along the height and cross-section of the casting, etc. [1, 2]. Some processes studied based on 

numerical simulations would also be almost unsolvable under the operating conditions of a steel plant.  

Numerical methods are based on the discretization of variables, which is supported by the typical repeatability 

of simple algebraic operations of a certain type. Numerical methods allow us to obtain the solution to a given 

thermal problem in a finite number of discrete points, both in the whole area and in the surface part only. The 

tasks are solved using one of two numerical methods - either the Finite element method (FEM) or the Finite 

difference method (FDM) [3]. 

FEM is a numerical method for solving (partial) differential equations in the continuum. It uses spatial 

discretization mostly by so-called triangulation of the area solved, where a continuous function is sought in 

parts. The boundaries of the area solved is then replaced by polynomials. The basic elements describing the 

surface are triangular or quadrangular spots. In spatial representation, these are prisms, tetrahedrons or 

pyramids [3] a [4].  

FDM, also referred to as the mesh method, is based on the approximation of the basic differential equation 

with the specific boundary conditions corresponding to the differential equation, which has the form of algebraic 

equations. The perfection of the approximation consists of replacing the derivative with more precise 
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expressions. The replacement is performed at discrete locations formed by mesh nodes that include the area 

being studied. The final result of algebraic operations is to determine the temperature at a given mesh node.[3] 

Due to the rapid development of computer technology at the beginning of the third millennium, various 

commercial simulation software tools are now widely available. These software tools are usually designed on 

the basis of various modular solutions focusing on a specific technological process and related quantities. 

Numerical calculation in commercial software generally consists of the following phases: preprocessing - 

includes the creation of geometry and generation of the computing mesh, processing - definition and solution 

of the calculation itself, post-processing - analysis of the results of the numerical simulation [5, 6]. 

At the company MATERIÁLOVÝ A METALURGICKÝ VÝZKUM s.r.o. (hereinafter referred to as MMV), the 

MAGMASOFT ® v5.4.1.0 software from the German company MAGMA and THERCAST® NxT 2.0 software 

from the French company TRANSVALOR are currently used for numerical simulations of casting and 

solidification of melt steel.  

THERCAST® is a computer software tool that works on the basis of the finite element method (FEM). It is 

intended for foundry processes, continuous casting and ingot casting. THERCAST® allows us to accurately 

analyse various production processes from the beginning of casting to the end of the solidification phase. It 

may be used to study the thermal field of the metal object and some surrounding components during the 

process. It is able to determine flow rates, pressure, stress or deformation in metal. Based on this, it can 

calculate the final shape and properties of the casting. A characteristic feature of THERCAST® is its ability to 
predict the real behaviour of the material in the mould and during the gas evolution during the process. It 

predicts results verified by real processes thanks to an accurate thermo-mechanical model. The software also 

contains a powerful solver of systems of vector equations for the efficient use of computing power using parallel 

calculations. Calculations in this software are divided into thermal, thermo-hydraulic and thermo-hydraulic + 

thermo-mechanical parts [7]. 

MAGMASOFT ® (MAGMA) is a comprehensive and effective simulation tool for improving casting quality, 

optimizing process conditions and significantly reducing foundry costs. It is a simulation program based on the 

simulation of heat flow, flow dynamics, structural changes during solidification when considering real casting 

conditions. MAGMA can simulate both large solid steel castings made by the gravity casting method and small 

castings made of magnesium, copper and aluminium alloys, MMV includes the MAGMAsteel module. To solve 

various types of casting methods, MAGMA uses a number of additional modules that allow all parameters of 

a specific casting process to be set 0. The main modules are as follows:  

 MAGMAsteel - simulation of convection during solidification, prediction of segregation of main alloying  

elements 

 MAGMAhpdc - high-pressure casting module 

 MAGMAlpdc - low-pressure casting module  

 MAGMAstress - stress solution module 

In order to assess the possibilities of both software solutions, the casting and solidification of a 12 t round ingot 

made of 42CrMo4 structural steel was numerically simulated. Attention was focused on the filling and 

solidification of the steel, including the prediction of ingot defects such as porosity, shrinkage cavities or 

shrinkage porosities. Other studied variables were the proportion of liquid phase, segregation of carbon, 

chromium, molybdenum and manganese, metal flow and solidification time.    

2. NUMERICAL SIMULATION SETTINGS 

The THERCAST NxT 2.0 and MAGMA v5.4.1.0 software performed a numerical simulation of the bottom 

casting of a 12 t round ingot into an ingot mould. Figure 1 shows the ingot geometry and the selected mesh. 
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The ingot was meshed in the THERCAST software to an element size of 0.008 m and in the MAGMA software 

the volume mesh consisted of 521,024 cubes. The casting speed was the same for both simulations (0.001217 

m3/s) and the casting temperature was 1536˚C. The accuracy of the results of the numerical simulations of 

defects inside the ingot, especially macrosegregation, is determined by the quality of the thermodynamic 

conditions, steel models, and definition of the heat transfer coefficient between individual materials.   

The properties of the refractory materials and heat 

transfer coefficients, including material models, were 

therefore intentionally used from the THERCAST and 

MAGMA libraries, respectively. 42CrMo4 steel was 

chosen for the numerical simulations. It is a low-alloy 

stainless chrome-molybdenum steel intended for 

tempering. The chemical composition of the 42CrMo4 

steel used for the numerical simulations is given in 

Table 1. 

 

 

 

 
Figure 1 3D ingot geometry and the selected mesh 

Table 1 Chemical composition of 42CrMo4 steel used for numerical simulations (wt. %)   

Element C Mn Si P S Cr Mo 

Wt% 0.4 0.7 0.1 0.015 0.010 1.1 0.2 

3. DISCUSSION OF RESULTS 

The temperature field of the metal during the filling of the mould is documented in Figure 2, the segregation 

of selected elements from the filling of the ingot to the time of cooling is shown in Figures 3, 4.  

    

       75 % filling      100 % filling        75 % filling    100 % filling 

a) THERCAST b) MAGMA 

Figure 2 Temperature field of metal during mould filling 
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From Figure 2 it can be seen at first glance that THERCAST (FEM) simulates, despite the turbulent flow, 

completely symmetrically, while MAGMA (FDM) gives non-symmetrical results. This may be related to the fact 

that MAGMA uses cube-shaped elements, which, in case the body is not rectangular, leads to a different 

approximation of the shapes of the simulated body. For liquid metals, MAGMA expects slightly lower 

temperatures than THERCAST, which influences the total solidification time, which was 2.75 h based on the 

THERCAST calculation and 2.57 h based on the MAGMA calculation. In solid ingots, both microsegregation 

and macrosegregation generally occur due to the longer solidification time. Figure 3 shows the segregations 

of carbon, chromium, manganese and molybdenum based on the MAGMA software, and Figure 4 shows 

identical segregations based on the THERCAST software, which defines the segregation according to 

Equation 1. Compared to THERCAST, MAGMA again shows an asymmetrical distribution of segregations.  

Figure 3 Segregation of carbon, chromium, manganese and molybdenum in MAGMA software (wt %) 

 

��� � ��O+�O\��O\    (1) 

where: 

�� - local concentration of a specific element (-) 

��C - initial concentration of a specific element (-) 

    

Figure 4 Segregation of carbon, chromium, manganese and molybdenum in THERCAST software 
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The prediction of microporosity formation according to the Niyama criterion is documented in Figure 5 and 

Figure 6. Both the MAGMA and THERCAST software tools calculated the greatest risk of microporosity in the 

central area, with an increased possibility of occurrence in the ingot head. The number of critical points was 

lower around the perimeter and in the inlet part of the ingot. The difference in results by 3 orders is due to the 

fact that THERCAST displays the results in the units of 
I'˚�∙i*�/e and MAGMA in the units of II'˚�∙i*�/e. It can be 

stated that the results of microporosity are very similar for both simulations. 

The Suzuki criterion represents what is called ghost lines, i.e. a segregation. According to this criterion, it was 

possible to perform the simulation only in THERCAST, see Figure 6. The occurrence of A-segregation was 

predicted only in the head part.  

 
 

 

            THERCAST                        MAGMA                                                     THERCAST 

Figure 5 Microporosity formation prediction                Figure 6 A-segregation formation prediction  

      acc. to the Niyama criterion                                                acc. to the Suzuki criterion 

4. CONCLUSION 

The submitted article deals with the study of casting and solidification of a 12 t ingot made of structural steel 

42CrMo4 using numerical simulations. The work was performed using two different software solutions - 

THERCAST and MAGMA. The possibilities of each software tool in filling and solidification of steel were 

assessed, including the prediction of ingot defects such as porosity, shrinkage cavities or shrinkage porosities; 

the proportion of liquid phase, segregation of selected elements and solidification time were also monitored.. 

The achieved pilot results showed that although both compared simulation software tools are based on a 

certain discretization of the continuum, THERCAST (FEM) in comparison to MAGMA (FDM) showed a more 

accurate geometric description of the model and representation of boundary conditions with more complex 

shapes of the integration area. Preliminarily, it appears that THERCAST allows easier use of higher types of 

approximation of the sought function in order to improve the accuracy of the solution. MAGMA uses cube-

shaped elements, which can lead to poorer approximation of the shapes of the simulated body in case the 

body is not rectangular. Finding a suitable cell size was more difficult within the presented simulation task. If a 
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part of the model needs to be defined more precisely, THERCAST software can achieve this with local 

refinement, while places with simple geometry can be described using a coarser mesh. On the other hand, to 

improve accuracy with the MAGMA software, it is necessary to increase the number of elements in the entire 

volume of the model or at least in the section plan, which may result in theoretically higher required 

computational power with the same accuracy as with THERCAST. Unlike MAGMA in the basic version, 

THERCAST has the possibility to simulate various behaviours of the material based on one geometric model, 

including, e.g., strain, stress, density.   
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Abstract 

Metallurgical slags originating during pig iron and steel manufacturing, are valuable sources of the inorganic 

materials. The limitation of their recycling is usually connected to the expensive methods of the separation of 

the components. The steel furnace slags (FS) as well as ladle slags (LS) contains reasonable amount of iron 

bonded in different forms, predominantly in iron oxides. In this paper we are reporting the results of the dry 

and wet separation techniques used for the isolation of the magnetic fraction presented in FS and LS. The 

results obtained indicate the dry magnetic separation as not suitable for this purpose, while wet method was 

found to be promising. In this research the FS containing approx. 30 wt% of Fe2O3 and LS containing approx. 
17 wt% of Fe2O3 were milled to the fraction less than 0.1 mm and then subjected to the process of dry and wet 

separation of the magnetic fraction. It was observed that the dry separation is not suitable, since 100 % of the 

materials were recovered showing the intensive homogenization of the magnetic fraction during the milling 

process. On the other hand, the wet separation led to the isolation of 26 and 30 wt% of magnetic fractions for 

FS and LS, respectively. The isolated magnetic fractions contained 41 and 40 wt% of Fe2O3 in the case of the 

FS and LS, respectively. The fractions obtained during the separation were subjected to the chemical and 

phase analysis, the morphology of the particles was studied using scanning electron microscopy. 

Keywords: Metallurgical slags, magnetic separation, iron recovery 

1. INTRODUCTION 

In 2021 the metallurgical slags production reached approximately 350 million tons per year. Disposal of the 

slags, which are in fact the source of the valuable minerals, became difficult as a result of more stringent 

environmental regulations and thus the searching of the suitable methods for the separation of their 

components are highly demanding. The slags originating during cast iron and steel production can be divided 

into three main categories: blast furnace (BF) slags, steel furnace slags (FS) and ladle slags (LS) [1,2].  

Blast furnace slags contributes more than half to overall amount of the slag produced in the iron and steel 

making industry. However, they are used in cement and building industry in high extent, what makes them a 

valuable by-product and are not considered as the waste materials. On the other hand, due to the high value 

of non-ferrous metals and decreasing of the number of the sources of high-grade ores such non-metals, slag 

is considered as their secondary source. Thus, increasingly complex and expensive processes are becoming 

viable options to treat non-ferrous slags. However, effective recycling of steel slags (FS and LS), as the second 

largest group of the slags (after BF) remains a problem. The processing of these slags may not be economically 
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advantageous, but on the other hand the presence of heavy metals, free lime and iron oxide does not allow 

their use in typical construction applications [3].  

Within EU and the other industrialized countries, on average more than 70 % of steel slags are utilized in road 

constructions, cement production, and marine structures. However, there are still millions of tons of unused 

steel slags in the EU [4]. Different techniques for recovery of the minerals/metals presented in the slags have 

been studied and utilized for a long time. They can be sub-divided into two main groups: i) physical and ii) 

chemical methods. The physical methods used for the separation of the components forming the slag are 

based on the difference in at least one of their physical properties (e.g. density, magnetic susceptibility and 

wettability). The chemical methods involve at least one chemical reaction in the process and can be divided to 

pyrometallurgical and hydrometallurgical methods [5]. Most of the integrated steel plants recover the bulk metal 

pieces present in the slag by magnetic separation [6]. The very small particles (< 0.5 mm) occurring in slag 

are not intended to be recovered as its recovery is not feasible mainly from the technical-economic point of 

view. The total amount of metallic part associated with the slags is around 3 - 8 % of the weight of the slag 

depending on the used production process. The magnetic process, in principle, separates the magnetic part 

(mostly metallic material covered with other non-magnetic impurities) from the slag mixture in different size 

fraction [7].   

The crushing and grinding efficiency and strength of the magnetic field that is employed in the process define 

the degree of slag being carried along with the metal [8]. The magnetic fraction obtained during the separation 
process is a mixture of diverse magnetic materials, not only pure iron. Iron oxides in slag (FeO and Fe3O4) are 

also magnetic and are attracted to magnet and carried together with the metal pieces. Thus, complete 

separation of the slag from the metal is not possible [9]. The magnetic part does not necessarily mean metallic 

only but it contains unseparated slag and magnetic oxide as well [10]. The recycling of the slag components 

has made important progress in the recent years [11]. In research institutes, the technique used for effective 

recycling of iron primarily includes dry magnetic separation of bulk slag, wet stage grinding and magnetic 

separation, wet magnetic separation for full grain level, fine-grained level flotation, and gravity separation [12]. 

Usually, the wet magnetic separation method is used to separate the metallic iron particles form the slag 

powder [13]. 

In this work we studied the difference between dry magnetic separation and wet magnetic separation on a very 

fine FS and LS slag fraction (<0.1 mm). The chemical composition of the obtained magnetic and non-magnetic 

fractions were characterized using X-ray fluorescence spectroscopy, phase composition was studied using X-

ray diffraction method. Scanning electron microscopy was used for the observation of the particles morphology. 

2. MATERIALS AND METHODS 

2.1. Studied materials 

Two slags, FS and LS originated during steel making process were studied and their chemical composition is 

shown in Table 1. Calcium oxide is the dominant component of both slags as evident from Table 1. Both FS 

as well as LS consists of significant amount of iron (in Table 1 expressed as Fe2O3). 

Table 1 Chemical compositions of original slags (wt.%) 

Samples 
Components 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

FS 3.57 1.53 9.40 47.93 0.14 4.38 29.7 

LS 2.82 5.83 12.11 52.91 1.20 2.76 16.9 
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In order to liberate the metallic iron from the slags, the received slag was stepwise crushed by a jaw crusher 

(Brio s.r.o., Czech Republic) followed by the vibration milling (Testchem, Poland). A jaw crusher with a feeding 

size smaller than 80 mm and discharging size smaller than 15 mm was employed in the primary crushing of 

both slags in order to adjust the particle size of slags prior the milling with vibration mill. The vibration mill with 

a feeding size smaller than 5 mm and discharging size of >0.020 mm, was employed in the further crushing. 

The mild slags were then classified by a sieve with aperture sizes 100 micron. 

2.2. Magnetic separation experiments 

Dry magnetic separation: A sample of slag weighing 50 g was spread in a thin layer. Subsequently, a 

neodymium magnet was moved over the sample at a height of 30 mm to separate the magnetic and non-

magnetic components. 

Wet magnetic separation: experiments were carried out using a glass beaker on which a belt with neodymium 

magnets was placed on the outside wall. Typically, about 5 g of the slag was put into a glass beaker and mixed 

with 300 mL of water. The obtained suspension was then stirred 5 min using Mechanical Overhead Stirrer 

(Heidolph Model RZR 2041) operated at 250 RPM in order to homogenise the suspension. A belt of 

neodymium magnets was then placed on the outer wall of the glass vessel and the suspension was next stirred 

for 10 minutes. During this process, most of the strong magnetic particles presented in slag adhered to the 

glass wall, and the nonmagnetic materials fell into a bottom part of the beaker. Subsequently, the non-magnetic 

fraction was separated by the filtration. Finally, after removing of the magnets, the magnetic fraction felt to the 
bottom of the beaker and small amount of the water was added. After that the magnetic fraction was separated 

by filtration. Both, magnetic and non-magnetic fractions were dried at 70 °C and weighed. 

2.3. Characterization of the slags 

Chemical composition of the original slags and individual fraction of the slags obtained during magnetic 

separation was performed on wave dispersive X-ray fluorescence spectrometer Supermini 200 (Rigaku, 

Japan) equipped with Pd tube (200W) and scintillation counter and F-PC detector. 

Phase composition of the samples was studied using Theta/2Theta X-ray diffractometer MiniFlex600 (Rigaku, 

Japan) equipped with Co tube (600W) and D/teX Ultra detector. Samples pressed in rotational holders were 

analysed in reflection mode. 

Scanning electron microscope Aspex Explorer (ThermoFisher Scientific, USA) equipped with thermionic 

emission source CeB6, secondary electron and back scattered electron detector was used for the 

characterization of the slag particles. Energy dispersive detector was used for local chemical analysis.  

3. RESULTS AND DISCUSSION 

The yields of the magnetic fractions obtained by dry as well as wet procedure for both FS and LS is shown in 

Table 2. 

Table 2 Yield of magnetic fractions for dry and wet separation procedure 

Samples Separation procedure Magnetic fraction (%) 

LS 
Dry 100 

Wet 26 

FS 
Dry 100 

Wet 30 
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As evident, usage of the dry procedure in the case of both types of slags let to the yield 100 % (Table 2). This 

fact could be attributed to the intensive homogenization of the magnetic and non-magnetic phases during the 

milling with vibration mill. So, the simple dry separation procedure could not be considered as the efficient 

milling method used for the micronization of the slags intended for the magnetic separation.  

On the other hand, the wet procedure let to the decrease in magnetic fractions yields for FS and LS to 30 and 

26 %, respectively (Table 2). These results indicate the efficiency of the wet separation of magnetic fractions 

for both FS and LS. With respect to the obtained results, further chemical and phase analysis was performed 

only for the fractions obtained with wet magnetic separation. 

The chemical composition of the magnetic (M) and non-magnetic (NM) fractions for both slags is shown in 

Table 3. 

Table 3 Chemical compositions of magnetic (M) and non-magnetic (NM) part for wet magnetic separation  
              (wt.%) 

Samples Fraction 
Components 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

FS 
M 3.75 1.22 7.07 37.46 0.19 6.11 40.9 

NM 3.97 1.69 10.31 44.37 0.24 4.08 28.1 

LS 
M 3.27 3.28 8.08 37.83 0.69 5.30 39.5 

NM 3.20 5.89 12.28 56.39 1.13 1.95 11.5 

Comparing the data in Table 3 with the chemical composition of the original slags (Table 2) the enrichment of 

the magnetic fraction by Fe2O3 to approximately 40 wt.% in the case of both slags is clearly observable. The 

amount of Fe2O3 in non-magnetic fractions of both slags signalize there is still reasonable amount of iron 

containing phases which should be separated.  

 

Figure 1 XRD patterns of the original LS sample compared with XRD patterns of magnetic (M) and non-

magnetic (NM) fractions obtained by wet magnetic separation. (Mag … magnetite, W … wüstite). 
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X-ray diffraction patterns of magnetic and non-magnetic fractions obtained from LS slag are shown in Figure 1. 

The most intensive diffraction lines for identified major iron containing phases: magnetite (Fe3O4) and wüstite 

(FeO) are depicted in Figure 1.  

X-ray diffraction patterns show more pronounced enrichment of magnetic fraction with wüstite and the 

diffraction pattern of non-magnetic fraction shows persistence of the magnetite in this fraction. 

The non-magnetic fraction of LS sample was subjected to SEM analysis and the obtained image with point 

EDX spectra are shown in Figure 2.  

 

Figure 2 SEM micrograph of the selected particle of non-magnetic fraction of LS sample together with EDX 

spectra measured in marked point. 

The SEM image of the selected particle shown in Figure 2 depicts the main reason for remaining content of 

iron in non-magnetic fraction. The iron-bearing phases are firmly embeded in the dense matrix composed of 

magnesium, aluminium, calcium, silicon and oxygen. So complex phase was not identified by XRD method 

and thus the area of the particle appeared in light-grey colour is most probably of amorphous character. To 

isolate iron-bearing phases held in a such matrix the different milling procedure has to be searched.   

4. CONCLUSIONS 

The dry and wet separation techniques were used for the isolation of the magnetic fraction presented in FS 

and LS. It was observed that the dry separation is not suitable, since 100 % of the materials were recovered 

as magnetic fraction, showing the intensive homogenization of the magnetic fraction during the milling process. 

With respect to this result, the dry magnetic separation cannot be considered as suitable for the separation of 

the magnetically active iron based phases from fine grained slags. Using the wet method, the separation led 

to the isolation of 26 and 30 wt.% of magnetic fractions for FS and LS, respectively. Obtained magnetic 

fractions were enriched by 11 and 23 wt.% of Fe2O3 for FS and LS samples if compared with the Fe2O3 content 

analysed in pristine FS and LS samples. The chemical analysis of non-magnetic fractions proved elevated 

amount of the iron. The observation of the particles presented in non-magnetic fraction with SEM revealed the 

fact, that small particles of iron-bearing phases are firmly encased in the complex, most probably amorphous 

matrix. This observation highlights the necessity for the searching of the milling technique which enables to 

liberate the particles of these small iron containing phases.  
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Abstract 

The presented paper focuses on numerical modelling of temperature fields of a continuously cast billet. The 

ProCAST software system, which is based on the finite element method, was used as a simulation tool. 

The finite element method (FEM) is a modern, highly efficient numerical method for solving technical problems 

of continuous steel casting. It is currently considered to be one of the most effective approximate methods for 

solving problems described by differential equations. The effect of the change of the casting velocity on the 

surface and axial temperature was evaluated on the temperature model of a continuously cast billet of 

rectangular cross-section with dimensions of 150 x 150 mm, and further, the effect of the change of the casting 

velocity on the metallurgical length was also evaluated. The simulation tasks were characterized by the 

invariable content of carbon and the invariable casting temperature. In total, twelve simulation tasks were carried 

out, marked A1 to C4. Specifically, the solidification and cooling problems of the billet were solved for steels 

with a carbon content of 0.07 wt.%, 0.18 wt.% and 0.83 wt.% at a casting velocity from 2.1 to 2.7 m.min-1 and 

casting temperatures from 1500 to 1560 °C. Graphical waveforms of surface and axial temperatures of the billet 

and metallurgical length were obtained from the simulation results. The results of the simulation tasks will be 

used to verify and substantiate the model. 

Keywords: ProCAST, numerical temperature model, surface temperature, metallurgical length 

1. INTRODUCTION 

The presented paper shows the basic use of the ProCAST software system, which is widely used for modelling 

continuous steel casting [1], [2], [3]. Study of the above sources, combined with the calculation results of the 

simulation tasks, forms the basis of this paper. ProCAST uses the finite element method and has THERMAL, 

FLOW, RADIATION, STRESS, and MICROSTRUCTURE modules. The THERMAL module was used to 

design the temperature model. The solution of each task in the ProCAST environment can be divided into 

three basic stages: design of a numerical model and preparation of input data (pre-processing), actual 

calculation (processing), and processing of the results (post-processing) [4]. The decisive criterion for obtaining 

the correct results of the numerical simulation is the design of the optimal network and the correct choice of 

boundary conditions [5]. A fine network with many elements leads to a good division of the model and 

corresponds to an accurate calculation. However, this situation leads to long computation times of the 

simulation. To shorten the computational simulation time, the model was designed using a coarse mesh 

network and symmetry [6]. 

Surface conditions in the form of heat flux densities q (W.m-2) and heat transfer coefficients  (W.m-2.K-1), were 

used in the calculation, based on whether it was a primary, secondary or tertiary cooling zone [7]. In the primary 

cooling zone, the heat flux density q (W.m-2) between the steel and the cooling water of the mould, i.e., surface 

condition type II, was entered into the model. When determining the heat removal rate from solidifying steel, 

the parameters of the cooling water and temperature gradients along the height and perimeter of the working 

surface of a copper insert of a rectangular cross-section mould, with dimensions of 150 x 150 mm and a length 

of 1 m, were used. The heat flux density was expressed by a third-degree polynomial. In the secondary cooling 

zone, the heat transfer coefficient of the cooling water injection was entered into the model [8]. 
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2. BASIC EQUATION OF HEAT TRANSFER EQUATION IN THE FIELD OF CONTINUOUS STEEL 
CASTING 

Heat transfer during continuous steel casting can be understood as a non-stationary process with complex 

boundary conditions of solution [9]. An analytical solution to this problem is practically impossible, so 

mathematical or computer modelling, with some simplification of real conditions and a description of those 

criteria that affect the solidification and cooling process the most, is accepted [10]. 

The basic equations describing heat transfer and flow in the field of continuous steel casting include: The 

Continuity equation, Bernoulli's equation, the Navier-Stokes equation of motion and Fourier-Kirchhoff's 

equation. Below is a description and evaluation of the heat conditions during heat transfer in the primary, 

secondary and tertiary cooling zones. 

Heat transfer in the primary cooling zone 

In the primary cooling zone, heat transfers from the solidification front through the crust, through the gap 

between the crust and the mould wall, and through the mould wall itself to the cooling water. The total thermal 

resistance can be expressed by the relationship (1). 

0 k
c

0 1 k 2

1 1s s
R

 
    
    

 (1) 

where: 

Rc - total thermal resistance (W-1.m-2.K) 

s0 - casting bark thickness (steel) (m) 

0 - average coefficient of thermal conductivity of the solidified crust of the billet (W.m-1.K-1) 

1 - heat transfer coefficient between the billet shell and the inner wall of the mould (W.m-2.K-1) 

2 - heat transfer coefficient between the mold wall and the cooling water (W.m-2.K-1) 

sk - mould wall thickness (m) 

k - coefficient of thermal conductivity of the mould wall (W.m-1.K-1) 

Heat transfer in the secondary cooling zone 

Heat dissipated from the precast surface in the secondary zone thus consists of three components. In places 

directly cooled by water, heat is consumed to heat the water and partially evaporate it. Heat is shared on the 

non-wetted surface by radiation and convection. At the points of contact of the surface of the precast with the 

guide rollers, heat is dissipated by conduction. 

Due to the high temperatures, the heat transfer from the precast in the secondary zone is very complicated, 

because when the precast is sprayed with cooling water, the Leindenfrost effect occurs. In general, the heat 

dissipated by the cooling water from the surface of the billet can be determined from Newton's equation (2). 

 c p vQ t t S       (2) 

where: 

Q - heat dissipated by cooling water from the surface of the billet (J) 

c - total heat transfer coefficient from the billet surface (W.m-2.K-1) 

tp - billet surface temperature (°C) 

tv - cooling water temperature (°C) 

S - cooled surface area (m2) 

 - spray time (s) 
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Heat transfer in the tertiary cooling zone 

After the billet leaves the secondary cooling zone, heat is shared from the surface of the billet by radiation and 

convection in the tertiary cooling zone. 

The issue and detailed derivation of the above equations is described in the literature [11], [12]. 

3. MODELLING IN THE PROCAST PROGRAM 

The ProCast program solved the solidification and cooling of a billet of rectangular cross-section with 

dimensions of 150 x 150 mm. A total of 12 simulation tasks were performed, marked A1 to C4. The simulation 

tasks were characterized by a constant carbon content (wt.% C) and a constant casting temperature tcasting 

(°C). The variable was the casting velocity v (m.min-1). In the first phase, the effect of the change in casting 

velocity on the surface and axial temperature of the billet was investigated. In the second phase, the effect of 

the change in casting velocity on the metallurgical length of the billet was investigated [13]. The input values 

of the simulation tasks are given in Table 1. 

Table 1 Input values of simulation tasks 

Task A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 

v (m.min-1) 2.1 2.3 2.5 2.7 2.1 2.3 2.5 2.7 2.1 2.3 2.5 2.7 

wt.% C 0.07 0.18 0.83 

tcasting (°C) 1560 1550 1500 

Figure 1 presents the output from the ProCAST software system. This is a numerical temperature model. The 

graphical outputs of the C4 simulation task were selected. The left part of the image shows the temperature 

field in 2D and 3D views. Color resolution characterizes the surface temperature distribution. In the right 

section, you can see the length of the liquid core from the level in the mould to the place of complete 

solidification in the entire cross section of the billet. Color resolution characterizes the proportion of the solid 

phase. 

 

Figure 1 Numerical temperature model 

3.1. Effect of change of casting velocity on surface and axial temperature of the billet 

In the first phase, the effect of the change of the casting velocity on the surface and axial temperature of the 

continuously cast billet was investigated using numerical simulation in the ProCAST environment. 
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Temperatures were subtracted from the results of simulations on a temperature model at distances of L1 = 

1.145 m, L2 = 3.687 m a L3 = 16.68 m from the lower edge of the mould. The distances correspond to the real 

positions of the pyrometers in the experimental measurements [4]. 

Graphical waveforms of surface tsurface and axial taxis of billet temperatures were obtained from the simulation 

results, see Figure 2. The upper curves in the presented figure represent the temperatures in the billet axis, 

and the lower curves represent the billet surface temperatures. The temperatures in the billet axis gradually 

decrease from the beginning, after reaching the temperature of a solid, the cooling rate increases.  

Temperature jumps in the secondary cooling zone, caused by the individual rows of cooling nozzles, are 

evident in the progression of the surface temperatures of the billet. In the lower part of the secondary zone, 

the surface temperatures increase and when the billet passes to the tertiary cooling zone, the temperature 

decrease slows down. 

 

Figure 2 Course of surface and axial temperatures for steels A and C 

From the results obtained, it can be stated that the increased casting velocity is reflected in the increase of the 

surface and axial temperatures of the continuously cast billet. At higher casting velocities, less heat is 

dissipated by the cooling water. The resulting thinner casting crust is pressed more intensively against the 

mould wall, which leads to an increase in the heat flux density from the billet to the mould wall [14]. The shorter 

time the billet remains in the mould contributes to an increase in surface area and temperature. The increased 

casting velocity at the axial temperature of the billet is reflected mainly in the tertiary cooling zone. The 

subtracted surface and axial temperatures for the boundary velocities are given in Table 2. 

Table 2 Calculated values of simulation tasks 

Task A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 

v (m.min-1) 2.1 2.3 2.5 2.7 2.1 2.3 2.5 2.7 2.1 2.3 2.5 2.7 

tsurface, L1 (°C) 1226 - - 1260 1186 - - 1230 1103 - - 1160 

tsurface, L2 (°C) 1174 - - 1220 1138 - - 1195 1071 - - 1133 

tsurface, L3 (°C) 1037 - - 1113 999 - - 1104 970 - - 1079 

taxis, L1 (°C) 1558 - - 1559 1548 - - 1549 1497 - - 1499 

taxis, L2 (°C) 1543 - - 1549 1530 - - 1537 1477 - - 1485 

taxis, L3 (°C) 1142 - - 1243 1099 - - 1241 1079 - - 1248 

Subsequently, a comparison of the surface temperature readings from the simulation results with the 

experimental values was performed. The experimental values measured by radiation pyrometers on a real 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

163 

casting machine at positions L1, L2 and L3 from the lower edge of the mould are 20 to 30 °C lower than the 

surface temperatures obtained on the numerical temperature model. This difference is due to the determination 

of the emissivity value of the steel, which depends on both the surface temperature itself and the chemical 

composition of the steel. This fact can significantly distort the values of the surface temperatures calculated by 

numerical simulation. A problem influencing the measurement of surface temperatures by radiation pyrometers 

is also the scale layer, which arises as a result of the technological process on the surface of the cooling billet. 

The scales have a different emissivity value than the "clean" surface of the billet and significantly affect the 

measurement of the actual surface temperature. 

3.2. Effect of change of casting velocity on metallurgical length of the billet 

In the second phase, the effect of the change in casting velocity on the metallurgical length of the continuously 

cast billet was investigated. The metallurgical length is defined as the length of the liquid core from the level in 

the mould to the point of complete solidification in the entire cross-section of the continuously cast billet. The 

development is aimed at extending the metallurgical length with the aim of increasing the casting performance 

while reducing the radius of the casting arc. This is also related to savings in investment costs of continuous 

steel casting equipment. 

The metallurgical lengths for the individual simulation tasks (A1 to C4) were read from a numerical temperature 

model and converted into a graphical form. The metallurgical lengths of the simulation problems can be 

deduced from the bar graphs below in the left part of Figure 3. For the simulation problem A1 the metallurgical 
length of 7.7 m was subtracted. For the simulation problem A4 the metallurgical length of 11.2 m was 

subtracted. The increase in the casting velocity from 2.1 m.min-1 to 2.7 m.min-1 for steel A will be reflected in 

an increase in the metallurgical length by 3.5 m. The metallurgical length 9.0 m was subtracted for the 

simulation task B1 and 12.3 m for the simulation task B4. The increase of the casting velocity for steel B is 

reflected by an increase of the metallurgical length by 3.3 m. For the simulation task C1, the metallurgical 

length of 10.6 m was subtracted, and 15.1 m was subtracted for the simulation task C4. The increase in casting 

velocity for steel C is reflected in an increase in the metallurgical length by 4.5 m. In the right part of Figure 3, 

a graph is further presented, where the trend lines were interspersed with points of metallurgical lengths 

calculated by numerical simulation. The dependence of the metallurgical length was captured by a polynomial 

of the 2nd degree. Figure 3 shows that with increasing casting velocity and increasing carbon content in the 

steel, the distance at which the entire cross section of the billet solidifies increases. 

 

Figure 3 The influence of the casting velocity change on the metallurgical length 

4. CONCLUSION 

Optimization of the continuous steel casting process is not possible through modelling alone. Working closely 

in tandem with the results of experimental measurements is always necessary, as these results bring into the 
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system the characteristic features of a particular casting machine. To approximate the real values, it is also 

necessary to focus on specifying the boundary conditions. The main problem is to determine the value of the 

heat transfer coefficient  (W.m-2.K-1) in the secondary cooling zone. A numerical model in the ProCAST 

environment was used to simulate the solidification and cooling of a billet of rectangular cross-section 150 x 

150 mm for steel with a carbon content of 0.07 wt.%, 0.18 wt.% and 0.83 wt.% at a casting velocity of 2.1 to 

2.7 m. min-1. In the first phase, the effect of the change in casting velocity on the surface and axial temperature 

of the billet was investigated. In the second phase, the effect of the change in casting velocity on the 

metallurgical length was investigated. Graphical waveforms of surface and axial temperatures of the billet and 

metallurgical length were obtained from the simulation results. From the presented results, it can be stated 

that the increased casting velocity is reflected in the increase of surface and axial temperature. As the casting 

velocity increases and the carbon content of the steel increases, so does the distance at which the entire cross 

section of the billet solidifies. Using the results of the simulations, the functional dependence of the thickness 

of the casting crust on the variable parameters, for example at the point of exit from the mould, can also be 

evaluated. The results achieved will be used to verify and substantiate the model. 
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Abstract  

This paper is devoted to the presentation of initial results focused on the optimization of numerical simulations 

of gravity casting of ductile iron castings into non-permanent bentonite molds. Numerical simulations were 

performed focused on the course of filling the mold and solidification of the casting by simulation SW ProCAST. 

The proportions of pearlite and ferrite phases, graphite nodularity and hardness were obtained. The input 

parameters were set to fit the simultaneously realized experimental operating melts. Macroscopic defects, 

metallographic structure and hardness were verified in selected sections of test castings. The data obtained 

from metallographic analysis and hardness were used to verify the results of numerical modeling. The 

comparison of the results shows a good agreement between the real casting and the numerical simulation. 

Keywords: Ductile iron, microstructure, numerical simulation, model validation, ProCAST 

1. INTRODUCTION 

Cast irons are materials with a wide range of properties and application. The main factors influencing 

mechanical properties of cast iron are graphite morphology, metal matrix composition and casts defects [1-4]. 
Graphite fit can appear in several modifications in cast irons - lamellar graphite (GJL), nodular graphite (GJS), 

compacted graphite (GJV), flake graphite (GJM) [5]. From the mechanical properties’ viewpoint, the graphite 

nodules are the most favourable modification (see 

Figure 1), since it eliminates graphite flakes impact effect. 

Mechanical properties of the remaining cast iron types 

range from GJL to GJS [2]. The metal mass composition 

depends on many factors, e.g. on chemical composition 

and cooling rate. However, the basic metal mass of 

unalloyed cast iron consists most often of ferrite and 

pearlite [2,6]. Ferrite is soft, ductile, with low strength; in 

cast iron it is a ductility carrier. By contrast, pearlite is a 

carrier of higher strength and hardness.  

Cast iron with nodular graphite must have mechanical 

properties specified by the standard [7]. Therefore, it is 

desirable to achieve a certain material structure that 

depends on many factors [2,6]. E.g., the pearlite and ferrite 

proportion depends, to a large extent, on the cooling rate which is influenced by the cast wall thickness and by 

the mold cooling ability [8-10]. Chemical composition is rather important from the viewpoint of mechanical 

 

Figure 1 Example of structure of cast irons fith 

nodular graphite 
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properties as well defects formation in a cast [2,8,11]. Chemical composition of cast irons with graphite nodules 

is not specified by a standard, therefore it depends on the manufacturer´s experience. 

Cast iron properties can be determined by tests of standardized samples with prescribed parameters [7]. 

Another method is, for example, numerical simulations application. Numerical simulation does not require 

manufacturing of a physical cast for determination of a material/cast properties and, after the model successful 

validation, it can be an efficient tool for relatively fast specification of changes in the cast structure at various 

technological parameters adjustment (e.g., chemical composition of the material, casting temperature, cooling 

ability of the mold, thermal processing, etc.). To a certain extent, it saves time and finance spent on samples 

or trial casts manufacturing. 

Many products for metallurgical processes simulation exist on the market now. One of them is the ProCAST 

simulation software [12] for foundry applications. ProCAST that operates with the final elements method 

provides an extensive system of modules and foundry tools. Besides the basic applications, i.e. calculation of 

filling, solidification and stress conditions, it provides, e.g., also the possibility of microstructure, porosity, 

segregation and mechanical properties of materials prediction, as well as solution of specific processes, like 

lost foam, centrifugal, continuous casting [13], etc. 

Currently, the Environmental Research Department of the Institute of Technology and Business in České 

Budějovice conducts a research that is focused on optimization of ductile cast iron casting. For this purpose, 

operational heats are realized in the MOTOR JIKOV Slévárna a.s., the aim of which is to assess the influence 

and efficiency of the designed and modified technological processes of production, secondary metallurgy, 

casting and thermal processing of ductile iron casts. It also includes numerical simulation in the SW ProCAST, 

focused on the melt properties, on setting the conditions for casting, solidification and cooling of ductile iron 

casts; the objective is to identify and prevent problem in the designed production technology which might result 

in defects occurrence. The paper presents the results of primary numerical simulations, the target of which 

was adjustment of the numerical model and achieving of the highest possible compliance with a real cast 

structure and properties. Data from metallographic analysis of a particular cast, casted within trial heats, were 

used for the numerical model results verification. 

2. EXPERIMENTAL PROCEDURE 

The study proper was focused on a HANDLE 1265 type casting (see Figure 2) that is a part of the gear 

mechanism for passenger cars. The casts are casted gravitationally into bentonite molds. A non-permanent 

mold for gravitational casting includes 6 casts arranged as shown on Figure 2. The cast is manufactured from 

the EN-GJS-450-10 material; its general chemical composition is specified in Table 1. 

Table 1 Chemical composition of the EN-GJS-450-10 material (wt. %) 

C Si Mn P S Cu 

3.85 2.62 0.21 0.05 0.01 0.04 

Computational geometry (i.e., a mold cavity, that means casts including the gating system, filter and risers) 

was created for numerical simulations purposes; its size corresponded to a real mold used in operating 

conditions. Thus, prepared geometry was then covered by a 3D computational grid with 2 542 841 elements. 

To provide an idea concerning the structure, Figure 3 shows an example of the computational geometry 

surface and 3D mesh. 
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A gravitational vector was further defined in 

the direction of the negative Y axis, casting 

temperature, conditions of heat transfer, 

heat transfer coefficients (HTC) between the 

gating system components and boundary 

conditions for the correct course of filling 

and solidification. Materials of individual 

components of the gating system are 

specified in Table 2. The mold temperature 

of 30 °C and bentonite mixture humidity of 

3.6 % were used for the calculation 

purposes. The calculation was carried out 

using the Thermal module and Pseudo-

binary Microstructure module. 

Within the numerical model setting 

optimization, 14 partial simulation variants 

were realized, with adjusted solvers’ 

parameters. The geometry, computational 
mesh, materials, initial and boundary 

conditions of the process were not changed 

across the variants. The following text 

presents the variant with the highest 

compliance with the analyzed casting 

properties. 

Table 2 Materials of individual parts of a gating system 

Name Casting Riser Gate Cup Mold Filter 

Material group Alloy Alloy Alloy Alloy Mold Filter 

Material EN-GJS-450-10 EN-GJS-450-10 EN-GJS-450-10 EN-GJS-450-10 
Green 
Sand 

10 PPI 

3. MODEL VALIDATION 

The numerical model validation was carried out with 

application of results of a metallographic analysis of samples 

taken from casts produced within operational heats. Potentially 

problematic points in the casts were specified on the basis of 

numerical simulations results and after consultation with the 

operating partner for the purposes of microstructural and 

mechanical properties and porosity occurrence evaluation. 

Sections were situated in the relevant places and samples 

were taken from them for assessment of the pearlite/ferrite 

portion and of graphite nodularity according to the ČSN EN ISO 

945-1 standard [14], as well as of Brinell hardness according 

to the ČSN EN ISO 6506-1 standard [15] and porosity 

presence. The relevant properties appeared to be suitable for 

the numerical model validation, since they are available within  

  

Figure 2 Drawing of a HANDLE 1265 casting and casts 

arrangement in the mold 

   

Figure 3 Geometry of a mold and computational mesh 

 

Figure 4 Positions of samples taken 
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the SW ProCAST numerical simulation results. Each of the 

samples/sections was then analyzed in 9 points. Section planes 

were defined in the SW ProCAST according to the section’s 

positions on a cast (see Figure 4). Then the position of points for 

data export was defined approximately on individual sections on 

the basis of the points positions on the relevant sample. Figure 5 
shows the points positions for microstructural and mechanical 

properties analysis. The specified properties analysis was carried 

out for all the 6 casts located in the mold (Figure 2). Considering 

the analysis scope and the data amount, the cast No. 6 was 

selected for the results presentation (on Figure 2 marked in red).  

4. RESULTS AND DISCUSSION 

Figures 6 and 7 show comparison of results of the numerical simulations and of the metallographic analysis 

of the relevant properties in individual points of the section. Figure 6 shows comparison of results of the 

metallographic analysis which assessed the ferrite and pearlite portion and graphite nodularity with the 

numerical simulations results. Brinell hardness was compared as well. With regard to the assessment scope, 

for information we present complete analysis of sections 2 and 4 where porosity occurrence was found.   

  

Figure 6 Comparison of the numerical simulation results to the metallographic analysis  
(left: Section 2, right: Section 4) 

It is necessary to draw attention to the fact that while values to the ferrite and pearlite portion from 

metallographic analyses are calculated to 1 or, as the case may be, to 100 %, the sums of the ferrite and 

pearlite portion values exported from SW ProCAST do not correspond to it, because postprocessing stores 

separately the graphite values (primary, secondarily discharged, total). Therefore, it can be expected that 

 

Figure 5 Positions of points for Brinell 

hardness analysis 
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compared to the metallographic analysis, in case of simulation the pearlite portion is slightly reduced by the 

value corresponding to the graphite portion in the structure (ca 7-9 %). 

Based on the facts specified and, on the results, obtained it can be stated that the Microstructure model results 

comply relatively well with the metallographic analysis. Hardness was the only exception; it was undervaluated 

within the simulation. Attention shall be paid to this problem within further optimization of the calculation. 

Figure 7 shows comparison of 

samples taken from a cast, with 

porosity predicted by the SW 

ProCAST. It is clear that a very good 

compliance of results has been 

achieved. Porosity occurred in the 

cast in the area of sections 2 and 4. It 

was also predicted by the SW 

ProCAST in the same areas. The 

porosity area range was in good 

compliance, too. 

5. CONCLUSION 

Primary numerical simulations of casting and solidification of a HANDLE 1265 type of ductile cast iron cast 

have been introduced within the article submitted; they were realized within optimization of the relevant cast 

production technology. Knowledge obtained within the numerical simulations’ solution can be summarized into 

the below points: 

 A CAD geometry has been created for the numerical simulations’ requirements; subsequently, it was 
covered by a 3D computational mesh.  

 The calculation itself was realized by the Thermal module and the Pseudo-binary Microstructure module, 

which are comprised in SW ProCAST. 

 14 partial simulation variants were realized; within them the solvers’ setting was tested with the aim to 

obtain the best possible compliance of results with a real cast. 

 The model was validated through a particular cast produced within trial operational heats. Samples were 
taken from the relevant cast which were analyzed metallographically with the aim to determine the 

portion of ferrite and pearlite and graphite nodularity. Brinell hardness was measured as well.  

 The numerical simulation results comparison with metallographic analysis and hardness measuring was 

carried out within the verification. Very good compliance was reached in the porosity area. ProCAST 

predicted porosity occurrence in those locations where it also appeared in reality in the cast. The porosity 

location was in compliance, as well as its scope. Good compliance was reached also in the area of 

pearlite and ferrite portion and the graphite nodularity. 

 Within the simulation, Brinell hardness values were lower than hardness determined by measuring by 
the order of several tens of points. 

The calculation optimization will continue within further solution of numerical simulations, with the aim to obtain 

better compliance regarding the hardness values. After the setting adjustment, the numerical simulations will 

serve for testing of various technological parameters impacts on casts quality, in particular from the viewpoint 

of porosity elimination and obtaining of the required mechanical properties of casts.  
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Abstract 

This paper studies the possibility of producing ductile iron castings intended for extreme conditions on an 

industrial scale. The preparation of charge and its melting conditions, modification, primary inoculation and main 

inoculation were studied within extensive series of experimental melts. In the scope of charge evaluation, 

especially the ratio of sorel type raw iron to steel charge was studied in order to reduce the raw iron portion while 

maintaining the castings qualitative requirements. The modifiers FeSiMg621 and FeSiMg731 were evaluated 

during modification. During primary inoculation the inoculants Inocast100 and SB10 were compared. The 

inoculation blocks Germalloy were used during main inoculation. The implementation of experimental melts was 

followed by chemical composition analysis, metallographic evaluation and a study of microstructure and 

mechanical testing performance of samples. The chemical composition was determined based on optical 

emission spectrometry and combustion analysis. The metallographic analysis and the microstructure evaluation 

were made using an optical microscope and image analysis. Testing of mechanical properties was focused on 

the tensile test, impact test and hardness test. It was proved that the foundry was able to produce the required 

quality ductile iron made of different combinations of charge materials, modifiers and inoculants. All contemplated 

combinations of the production technology meet the standard-defined requirements for this type of material. 

Keywords: Ductile iron, inoculation, modification, performance experiment, metallography 

1. INTRODUCTION 

Cast iron is a material with good mechanical and physical properties. Its relatively low production costs 

increase an interest in its application in various industries [1,2,3]. Cast iron with spheroidal graphite is a modern 

material with excellent mechanical properties whose tensile strength is even comparable to that of steel. 

Considering its lower production price, cast iron with spheroidal graphite thus replaces the more expensive 

steel in some industries [4,5]. Spheroidal graphite is obtained in cast iron by inoculation. The best structure of 

graphite is achieved using 2-step inoculation [6]. The current trend in cast iron production is to reduce the 

percentage of raw iron in the charge and to replace this raw iron with the cheaper steel scrap material and 

thus decrease the production costs [7]. A research has been ongoing at KOVOSVIT MAS Foundry, a.s. 

focused on studying possible ways of producing castings of cast iron with spheroidal graphite intended for 

extreme conditions. A SCHAFT 1 type casting was chosen for the tests; this casting is designed for 

manufacturers of naval manipulators for medium-sized ships. Superior material quality is required for this type 

of casting. The casting is made of EN-GJS-400-18-LT, i.e. cast iron with spheroidal graphite and a ferrite matrix 

with a guaranteed value of impact energy at -20 °C [8,9]. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

173 

The effect of the composition of charge materials and the choice of the modifying and inoculating agent on 

utility properties of the material were evaluated in the scope of experimental melts. Together with the casting, 

testing samples - the so-called Y-Blocks - were added to the inlet system of the mould, used to produce test 

bodies for the metallographic analysis and for the testing of mechanical properties [9, 10, 11, 12]. The purpose 

of the study was to define the most appropriate parameters for the production of castings made of cast iron 

with spheroidal graphite with a special focus on optimization of the raw iron and steel charge ratio, and the 

used modifying and inoculating agents. 

2. TECHNOLOGICAL PROCEDURE OF SCHAFT 1 CASTING PRODUCTION 

Based on operating experience, chemical composition of the melt before tapping was proposed at KOVOSVIT 

MAS Foundry a.s. This composition is shown in Table 1 to give an idea; modification and inoculation will follow. 

Furthermore, final chemical composition of the melt for the casting was proposed as presented in Table 2. 

Table 1 Chemical composition of EN-GJS-400-18-LT before tapping 

Range 
Chemical composition (wt %) 

C Si Mn P S Cu Mg Cr 

Min. 3.40 0.80 0.10 ××× ××× ××× ××× ××× 

Max. 3.50 0.90 0.15 0.040 0.015 0.05 ××× 0.02 

Table 2 Proposed final chemical composition of EN-GJS-400-18-LT for the SCHAFT 1 casting 

Range 
Chemical composition (wt %) 

C Si Mn P S Cu Mg Cr 

Min. 3.30 1.70 0.10 ××× ××× ××× 0.040 ××× 

Max. 3.40 1.90 0.15 0.040 0.010 0.05 0.060 0.02 

A series of 9 melts was performed in the scope of the operating experiments, testing 3 combinations of charge 

materials in various ratios. Table 3 provides the composition of the charge for three selected melts identified as 

TS87, TM11 and TD75. 

Table 3 Composition of the charge for melts TS87, TM11 and TD75 for EN-GJS-400-18-LT production 

Melt 

Composition of charge materials in individual melts (wt %) 

Cast iron Steel scrap Reused material 
Total 

Sorel Pig Nod Initiation block Cupol Mn 0.3 % Si sheet Initiation block 

TS87 61.5 TS87 61.5 TS87 61.5 TS87 61.5 

TM11 62.0 ××× 10.3 ××× ××× 27.7 100 

TD75 38.5 20.0 ××× 27.7 13.8 ××× 100 

A basic technological production process was prepared for the series of the experimental melts; this process 

is illustrated in Figure 1 and is composed of the following steps: 

 

Figure 1 Schematic illustration of the basic technological production process 
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 Charge → Preparation of the charge and its selection were controlled individually according to 
metallurgical and chemical quality of available raw materials with guaranteed chemical composition. The 
following charge materials were used for the production: raw iron × steel scrap × returned production 
material; 

 Melting → is performed as needed according to the amount of the melt corresponding to the number 

of made castings while 1 or 2 castings were made within a single melting step. A medium-frequency 

electric induction furnace (EIF) with the capacity of 6 t was used for melting; 

 After melting the charge and reaching the sampling temperature (t = 1,350 °C to 1,380 °C), the cinder 

was thoroughly removed, the bath temperature was measured and a sample was collected for the first 

test of composition, focused on the following elements: C, Si, Mn, P, S, Cu, Mg and Cr. Subsequently, 

chemical composition of the melt was corrected. A minimum temperature of the melt was maintained 

throughout the melting process; 

 Before tapping, chemical composition was verified by the chemical laboratory, focusing on the following 

elements: C, Si, Mn, P, S, Cu, Mg and Cr. The purpose of melting was to achieve the required chemical 

composition and to observe the correct temperature regimen tmax = 1,380 °C; 

 Modification → was performed using the pouring method. Before tapping, one piece of raw iron Pig Nod 

was added to the bath for an improved formation of nuclei. Before modification, the ladle was rinsed 

with liquid metal to ensure sufficient heating of the brick lining. Subsequently, master alloys were added 

to the bottom in the order below: 

o FeSiMg731 × FeSiMg621 - modifier; 

o Inocast100 × SB10 - inoculant; 

o LLG cuts - to delay the reaction; 

 Besides modification, primary inoculation - the so-called preinoculation using inoculants - is performed 

in the ladle at the time of tapping. To give an idea, Figure 2 shows a photograph from melt tapping into 

the ladle with concurrent modification and primary inoculation; 

  

Figure 2 Tapping into the ladle with concurrent 
modification and primary inoculation 

Figure 3 Pit detail at the top part of the mould with 
prepared inoculation blocks 

 Inoculation → is performed in two phases; initially, partially in the course of tapping into the ladle, the 

so-called preinoculation, and subsequently, the so-called main inoculation, performed in the pit using 

inoculation blocks in the course of making the casting. Figure 3 shows the detail of the inoculation pit 

with prepared inoculation blocks; 

 Inoculants Inocast100 × SB10 are used to optimize the structure of the cast iron with spheroidal 

graphite. The selection of the type and amount of the inoculant was performed based on the amount of 

liquid metal and the casting duration; 

 Table 4 shows the modifiers and inoculants and their amounts used in the selected melts; 
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Table 4 Overview of modifiers and inoculants used in the melts during EN-GJS-400-18-LT production 

Melt 
Modifier Pre-inoculation Main inoculation 

Name Amount (%) Name Amount (%) Germalloy (block) 

TS87 FeSiMg621 1.95 SB10 0.1 2x P2 + P300 

TM11 FeSiMg731 1.80 Inocast100 0.1 P3 + P2 + P300 

TD75 FeSiMg731 1.80 SB10 0.1 2x P2 + P300 

 Casting, finishing operations and output control → before casting, the cinder has to be carefully 

removed. Casting and cooling are followed by stripping of the mould, knockout of the casting, blasting 

and deposition in the storage area. Figure 4 shows a photograph of the casting process and Figure 5 

shows the photograph of a casting after its removal from the mould and blasting; 

  

Figure 4 Melt casting into the mould over a pit with 
inoculation blocks 

Figure 5 SCHAFT 1 casting after removal from the 
mould and blasting 

 Testing Y-Blocks are added to every casting in the mould; these blocks are then used to make testing 

bodies for chemical and metallurgical analysis and tests of mechanical properties. Subsequently, 

control tasks of the casting follow, including visual inspection and inspection using ultrasound. 

Furthermore, tests of mechanical properties are performed - tension and bending impact tests. 

3. ANALYSIS OF SAMPLES FROM EXPERIMENTAL MELTS 

Melt samples were taken from selected points with concurrent temperature measurement in the course of the 

above mentioned series of experimental melts. Additionally, Y-Blocks placed in the inlet system were cast at the 

same time. The collected samples were identified and gradually analysed; the specifications of individual 

analyses are described below: 

 Chemical composition analysis → the analysis was performed using optical emission spectroscopy 

(OES) with excitation using a high-energy spark discharge, using the Q4 TASMAN device. The exact 
content of C and S was determined using combustion analysis in the LECO CS230 high-frequency 

furnace, in a flow of oxygen. Furthermore, the measured values were used to calculate the carbon 

equivalent CE and the saturation degree (eutecticity) SC; 

 Metallographic analysis was focused on microscopic evaluation to determine the achieved structure of 

EN-GJS-400-18-LT. Samples made of the Y-Block testing bodies were used to perform metallographic 

analyses using a light microscope and a line electronic microscope and a scanning electron microscope 

(SEM) with the EDX mode. Graphite assessment was performed according to the following standards: 

ČSN EN ISO 945-1 [10] → focused on graphite classification based on visual analysis, ASTM A247 [11] 

→ evaluation of graphite nodularity, and ČSN 42 0461 [12] → evaluation of cast iron matrix. It was 

possible to obtain a complex idea of EN-GJS-400-18-LT structure in this way; 
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 Mechanical properties → were focused on tension and bending impact tests (Charpy hammer) and 

hardness tests. The above mentioned devices can be used to perform the following analyses: tensile 

strength (Rm), proof strength (Rp0.2), elongation (A5), Brinell hardness (HB) a impact strength (KV2) at 

room temperature 23 °C and at low temperatures -20 °C or -40 °C. 

4. RESULTS AND DISCUSSION 

After the experimental melts, evaluation was performed to determine the mechanical properties, as well as 

metallographic evaluation and evaluation of the microstructure [9,10,11,12]. The results are summarized in the 

so-called metallographic cards that provide an idea of the mechanical properties and of the resulting structure 

of EN-GJS-400-18-LT used to cast a SCHAFT 1 type casting. An example of such a card for TM11 melt is 

provided in Tables 5 to Table 8 and in Figure 6. 

Table 5 Characteristics of modification and inoculation → melt TM11 

Modification and pre-inoculation → pouring method Main inoculation → inlet well 

Modifier: name → amount (wt %) Inoculant: name → amount (wt %) Inoculant: name → amount 

FeSiMg731 → 1.8 % Inocast100 → 0.1 % Germalloy → 1x P3+P2+P300 

Table 6 Chemical composition → melt TM11 

Chemical composition (wt %) Parameters 

C Si Mn P S Cu Cr Mg CE SC 

3.67 1.77 0.11 0.034 0.008 0.01 0.01 0.076 4.21 0.99 

Table 7 Achieved mechanical properties → melt TM1  

Property Value as per ČSN EN 1563 Measured value 

Tensile strength Rm (MPa) Min. 360 MPa 376 MPa 

0.2 % Proof strength Rp0.2 (MPa) Min. 220 MPa 282 MPa 

Elongation after fracture A5 (%) Min. 12 % 24.3 % 

Brinell hardness (HB)  Min. 130 HB 130 HB 

Minimum impact energy 

value KV2 (J) 

Temperature (+23 ± 2) °C 

Mean value (3 tests) Individual value Mean value (3 tests) Individual value 

××× ××× 15 J 16 / 15 / 15 J 

Low temperature (-20 ± 2) °C 

Mean value (3 tests) Individual value Mean value (3 tests) Individual value 

10 J 7 J 17 J 17 / 17 / 17 J 

Low temperature (-40 ± 2) °C 

Mean value (3 tests) Individual value Mean value (3 tests) Individual value 

××× ××× 15 J 14 / 15 / 15 J 

Table 8 Metallographic structure evaluation → melt TM11 

ČSN EN ISO 945-1 ASTM A 247 ČSN 420461 

Graphite form: 71 % VI + 26 % V + 3 % III Nodularity: 71 % Perlite content P1: P0 (up to 2 %) 

Graphite size range: 6/7 Particles per mm2: 256 ××× 

Dimensions of graphite particle: <15-30 μm ××× ××× 
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a) Picture by ČSN EN ISO 945-1 b) Picture by ČSN 42 0461 

Figure 6 Illustration of cast iron with spheroidal graphite → melt TM11 

Evaluation of results of the experimental melts → based on a complex assessment of the so-called 

metallographic cards of EN-GJS-400-18-LT for SCHAFT 1 castings. Table 9 gives chemical composition of 

the melt after modification and preinoculation and the carbon equivalent CE and the saturation degree 

(eutecticity) SC for melts TS87, TM11 and TD75. 

Table 9 Achieved chemical composition of the melt after modification and preinoculation for melts TS87, TM11 and TD75 

Melt 
Chemical composition (wt %) Parameters 

C Si Mn P S Cu Mg Cr CE SC 

TS87 3.31 1.80 0.16 0.037 0.009 0.02 0.066 0.02 3.86 0.90 

TM11 3.67 1.77 0.11 0.034 0.008 0.01 0.076 0.01 4.21 0.99 

TD75 3.32 1.74 0.11 0.049 0.008 0.01 0.053 0.02 3.86 0.90 

The achieved chemical composition shown in Table 9 corresponds to the chemical composition proposed in 

Table 3 except several deviations up to a few tenths of a percentage for C, Mn, P and Mg. Nevertheless, these 

minor deviations have no effect on material quality as discussed below. The charge preparation process and 

charge melting have been thus managed well. 

Table 10 gives a summary of mechanical properties determined for samples from melts TS87, TM11 and 

TD75. The following can be stated based on the results: 

 As regards tensile tests, the highest tensile strength Rm was achieved for melt TS87, namely 427 MPa. 

The mean value of tensile strength Rm was achieved for melt TD75, namely 413 MPa. The lowest tensile 

strength Rm was achieved for melt TM11, namely 376 MPa; 

 The highest proof strength Rp0.2 was achieved for melt TM11, namely 282 MPa. The mean value of proof 

strength Rp0.2 was achieved for melt TD75, namely 251 MPa. The lowest proof strength Rp0.2 was 

achieved for melt TS87, namely 249 MPa; 

 The highest elongation A5 was achieved for melt TM11, namely 24.3 %. The mean elongation A5 was 

achieved for melt TD75, namely 21.4 %. The lowest elongation A5 was achieved for melt TS87, namely 

17 %; 

 As regards the hardness test, the value of 134 HB was achieved for melt TS87, 131 HB for melt TD75 

and 130 HB for melt TM11; 

 As regards bending impact energy tests at 20 °C, the mean value of impact energy KV2 of 15 J was 

achieved for melts TS87 and TM11, and 16 J for melt TD75. At -20 °C, the mean value of impact energy 

KV2 of 15 J was achieved for melt TS87, 17 J for melt TM11, and 13 J for melt TD75. At -40 °C, the 

mean value of impact energy KV2 of 14 J was achieved for melt TS87, 15 J for melt TM11, and 14 J for 
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melt TD75. There are no major differences between impact energy values at -20 °C and 23 °C. The 

impact energy values slightly decreased at -40 °C; however, this change is not significant. Thus, the 

castings are suitable for use even at such low temperatures. 

Table 10 Overview of mechanical properties of samples from experimental melts TS87, TM11 and TD75 

Melt 
Rm 

(MPa) 
Rp0,2 

(MPa) 
A5 

(%) 
Hardness 

(HB) 
KV2 (23 °C) (J) KV2 (-20 °C) (J) KV2 (-40 °C) (J) 

Mean Individual Mean Individual Mean Individual 

TS87 427 249 17.0 134 15 15/16/15 15 16/15/15 14 13/14/14 

TM11 376 282 24.3 130 15 16/15/15 17 17/17/17 15 14/15/15 

TD75 413 251 21.4 131 16 16/16/15 13 14/13/13 14 15/12/14 

All experimental melts comply with the requirements for tensile strength Rm, proof strength Rp0.2, elongation 

A5, Brinell hardness HB and impact energy KV2 as per ČSN EN 1563 for EN-GJS-400-18-LT with the standard 

wall thickness of 60 < t ≤ 200 mm. 

It should be mentioned that ČSN EN 1563 [9] determines the minimum impact energy value KV2 for EN-GJS-

400-18-LT only for the temperature of -20 °C; given the complexity of evaluation of individual melts, impact 

energy was determined also at 23 °C and -40 °C. Table 11 provides a summary of parameters describing the 

achieved structure of the cast iron and graphite. 

Table 11 Summary of metallographic evaluation of experimental melts TS87, TM11 and TD75 

Melt 
Particles 
per mm2 

Dimensions of 
graphite particle 

Graphite 
size range 

Nodularity 
Graphite 

form 
Perlite  

content P1 

TS87 336  15-60 μm 6/7 89 % 89 % VI + 11 % V P0 (up to 2 %) 

TM11 256 <15-30 μm 6/7 71 % 
71 % VI + 26 % V + 3 % 

III 
P0 (up to 2 %) 

TD75 298 15-60 μm 6/7 93 % 93 % VI + 7 % V P0 (up to 2 %) 

As follows from Table 11, the highest number of graphite particles per mm2 was achieved in melt TS87, namely 

336 with nodularity 89 % and graphite particle sizes 15-60 μm, which corresponds to the size range of 6/7. For 

melt TD75, 298 graphite particles per mm2 were obtained with nodularity 93 % and graphite particle sizes  

15-60 μm, which corresponds to the size range of 6/7. For melt TM11, 256 graphite particles per mm2 were 

obtained with nodularity 71 % and graphite particle sizes <15-30 μm, which corresponds to the size range of 

6/7. 

Thus, it can be noted that all melts comply with the requirements for the microstructure of EN-GJS-400-18-LT. 

They contain mostly the required type VI graphite, type V graphite to a limited extent, and also type III graphite 

only in sporadic cases and up to low percentage values as per ČSN EN ISO 945 [10]. The perlite content is 

up to 2 %. Furthermore, it can be stated that graphite particle sizes decrease with an increasing number of 

these particles. 

5. CONCLUSION 

The paper describes the study of the production of cast iron with spheroidal graphite for castings intended for 

extreme conditions. Operating tests were implemented for this purpose at KOVOSVIT MAS Foundry a.s., 

focused on verifying the possibility of producing castings of EN-GJS-400-18-LT designed for manufacturers of 

naval manipulators for medium-sized ships. The following conclusions were drawn based on the test results: 

 A melt of the required chemical composition can be obtained at the foundry using various combinations 

of charge materials, modifiers and inoculants; 
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 Modification using the pouring method was used for the experimental melts and inoculation was 

performed in two phases. First, primary inoculation was done at the time of tapping into the ladle - the 

so-called preinoculation; subsequently, the so-called main inoculation was done, implemented in the pit 

using inoculation blocks; 

 All studied combinations of the charge materials, modifiers and inoculants complied with the parameters 

determined by ČSN EN 1563 for EN-GJS-400-18-LT; 

 As found based on metallographic study and structure analysis, cast iron with spheroidal graphite was 

obtained, containing a high number of graphite particles with high nodularity. The structure is mostly 

ferritic with less than 2 % of perlite; 

 Based on the results herein, it can be stated that KOVOSVIT MAS Foundry, a.s. is capable of producing 

high-quality cast iron with spheroidal graphite intended for extreme conditions; 

 For the future, the production process can be enhanced using the modern technology of a filled profile 

in a twin-core arrangement for inoculation and modification where one core will contain the modifier and 

the other one will contain the inoculant. 
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Abstract 

This article is focused on the optimization of the flow of steel in a symmetrical three-strand T-shaped tundish 

based on the change of its internal equipment. Since the investigated tundish has three outlet strands, it is 

very important to properly adjust its internal volume to achieve optimal flow and final steel purity. The main 

goal was to optimize the distribution of molten steel in a T-shaped tundish during the transition area. At the 

transition area, a new steel grade is started to be tapping into the tundish, which is filled with the previous steel 

grade. The goal was achieved by minimizing differences of the main investigated parameters, residence time 

between the middle and lateral casting strands. By reaching the lowest possible value of the maximum and 

the highest value of the minimum residence time, the tundish has favorable conditions for shortening the 

transition area, refining, cleanliness, and homogeneity of the steel. Ansys Fluent 17.2 Computational Fluid 

Dynamics (CFD) software was used to proposal the solution of the flow problem. The monitored flow changes 

were realized by deflecting the outlet openings in the dam of the tundish. Also, mathematical simulations were 
verified on a physical water model of a symmetrical T-shaped tundish at a scale of 1:2 to verify the accuracy 

of the simulation. Measurements were evaluated numerically and graphically in the form of C-curves and 

residence times. Residence time was recorded by monitoring the change in conductivity on the input and 

output probes during steady flow in the tundish under specified conditions using the water model. 

Keywords: Tundish, metallurgy, modelling, simulation, residence time 

1. INTRODUCTION 

The tundish is one of the most important component of a continuous casting process which is necessary to 

achieve the required cleanliness and quality of steel and primarily serves as a reservoir and distributor of liquid 

steel in the casting process [1]. The aim of the tundish is to provide the steel with the longest possible time 

required to remove the inclusions from the steel into the slag [2-4]. This paper deals with the issue of steel flow 

in a three-strand symmetrical T-shaped tundish. For the validity of the tundish model, obtaining the RTD 

(Residence Time Distribution) curves for all casting strands is of fundamental importance. The residence time 

values are used to assess the change time of the transition area. Since this type of tundish has three outlets, 

the biggest problem is to achieve the smallest possible differences in residence times between the middle 

casting strand (CS) No.2 and lateral casting strands (CS) No.1,3. The minimum residence time (Tmin.) is an 

indicator of the shortest time for which the new quality concentration is recorded at the outlet of the tundish [5]. 

The maximum residence time (Tmax.) is an indicator of the time period during which the concentration changes 

completely and the previous quality is replaced by a new one (the concentration value is 100 %). C-curves are 

used as an evaluation means to characterize the flow during a steady-state casting regime [6]. The Figure 1 

shows a graphical evaluation of the mathematical simulation of steel flow in a three-strand T-shaped tundish 

in the form of C-curves. As we can see, the green line which represents the middle (CS) No.2 reaches the 

minimum and maximum residence time significantly faster than the other strands. Deviations of the middle 

strand from the lateral strands were at min. residence time of 50 % and a max. residence time of 120 %. This 
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is an undesirable phenomenon which, could cause the reducing purity and homogeneity of the steel and also 

cause excessive wear of the tundish lining by dynamic flow. In an effort to avoid such an undesirable 

phenomenon, it is possible to replace a financially and time-consuming experiment with the implementation of 

mathematical and physical modeling. Using mathematical simulations, it is possible to create a design of the 

required experimental model for its further investigation. Through mathematical and physical modeling, the 

internal equipment of the tundish was optimized in order to minimize the differences in residence times [7]. 

The flow changes were performed by optimizing the outlet openings of the dam in the tundish, to achieve a 

minimum difference between the residence times of the middle and lateral strands [8]. Several simulations 

were performed with different deflections of the outlet openings in the tundish dam at angles of 8°, 12° and 16° 

from their standard configuration. The dam in the tundish is used to distribute steel from one part of the tundish 

to another. The application of the method of mathematical simulation of the process requires verification of the 

correctness of the result due to the inaccuracy and uncertainty of the result. Therefore, the method of 

mathematical simulation was supplemented by a physical model of a symmetrical three-strand T-shaped 

tundish at a scale of 1:2. 

 

Figure 1 Comparison of differences max. (orange area) / min. (gray area) residence time between  

2nd and 1st, 3rd (CS) 

2. RESEARCH FINDINGS 

The mathematical model proposed in the ANSYS Fluent 17.2 program analyzed 3 configurations of the 

physical water model of a symmetrical T-shaped tundish. Subsequently, the tundish model was discretized to 

a computational mesh in the Ansys Meshing program. Computational mesh was analyzed by quality control 

and based on SKEWNESS and ORTHOGONALITY criteria, which define the quality of the mesh according to 

Figure 2. The quality of the cells indicates the degree of shape deformation of the cells compared to its ideal 

shape [9]. The quality of the mesh affects the length of the calculation and the quality of the result. The 

qualitative parameters of the mesh used are described as follows. According to the mesh quality evaluation 

criteria, the computational mesh achieved "good" results for orthogonality and skewness, with most mesh cells 

having "very good / 

excellent" properties. 

Minimum orthogonal 

mesh quality: 3.65227e-1. 

The number of defined 

boundary layers was 15 

for the mesh used. 

Skewness mesh quality: 

4.75931e-1. Figure 2 Qualitative mesh criterion [9] 
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The mathematical model of the tundish was modeled as a non-stationary process, for the possibility of analysis 

of C-curves. The non-stationary model shows the state of the system in individual time periods corresponding 

to the set time step. The method of evaluating C-Curves on the basis of concentration was performed using a 

dimensionless concentration value in the range of 0-1 (where 0 represents 0 % and 1 represents 100 % of the 

concentration value). Between the values of the minimum and maximum residence time is the transition period 

of casting and the value of the dimensionless concentration represents the percentage of the new quality. The 

boundary conditions of the model were defined on the basis of the analysis of the physical water model of the 

tundish. (Boundary conditions are physical quantities defined at the boundaries of the computational mesh, 

which express the physical nature of the modeled event). The main boundary condition for the inlet was the 

mass flow of water into the water model, which was set as a constant (the value did not change over time). 

Tracer injection into the model was defined through a time-dependent function that was included in the water 

mass flow. The injection time was 6 seconds in an amount of 150 ml. For the output of the model, the boundary 

condition Outflow was set, which redistributes the mass flow to several places as the water model has 3 outlets. 

The Figure 3 is a graphical representation of the investigated tundish and its description. The walls of the 

model were defined by the boundary condition Wall, which presents the fixed walls of the computational area. 

 

Figure 3 Geometry 3 of a T-shaped tundish and its parameters  

The parameters entered in the solver were as follows. Non-stationary calculation was used due to the need to 

plot the C-curve. It was considered with the action of gravity in the z-axis = - 9.81 m.s-2. Used model Realizable � - ω SST. Liquid water was used as the material. For boundary conditions, the input was defined as Mass 

Flow rate. The solution method was Simple, initialization from all zones. Shear friction on the walls was not 

considered. The number of iterations was 50 with a time step of 600 per 1 second. 

The used physical model corresponds to a symmetrical T-type tundish with tube protection, three outlet 

strands, equipped with a standard impact plate and barriers to direct the flow. The mentioned model is a part 

of the laboratory of simulation of flow processes located at the Technical University in Košice, Department of 

Metallurgy, Department of Metallurgy and Foundry. The laboratory is focused on the investigation of the flow 

of liquid steel on a continuous casting equipment [10]. Steel is replaced by water in the physical model, the 

similarity of the kinematic viscosity of steel at 1600 °C and water at 20 °C is used Table 1. The flow is simulated 

by an injection solution, the concentration of which is sensed by conductivity probes at the inlet and outlet of 

the tundish. To achieve visualization of the flow of the injected medium in the volume of tundish, hyper 

manganese KMnO4 is added to the injected solution, which colors the strand, which allows the recognition of 

the flow pattern of the tracer [4]. 
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Table 1 Comparison of steel and water properties 

Physical value Steel 1600 °C Water 20 °C 

Density 2��. �+�3 7014 1000 

Surface tension 2:. �+�3 1.6 0.073 

Dynamic viscosity 2��. �3 0.0064 0.001 

Kinematic viscosity 2��. �+�3 0.913.10-6 1.00.10-6 

With the intention of extending the residence time of flow (CS) No.2, several simulations were performed with 

different deflections of the outlet openings in the tundish dam at angles of 8°, 12° and 16° from their original 

perpendicular axis. From the point of view of residence times on individual casting flows, deflecting the holes 

by 8° away from flow no.2 seems to be the most suitable variant. At larger deflection angles, there was already 

a deformation of the C-curve at the middle flow, which is not desirable Figure 4. The above simulation is 

compared with the standard 90° (currently used) configuration of the tundish Figure 5. 

 

Figure 4 Comparison of results of mathematical simulations of C-curves at deviations from left 8°, 12°, 16° 

 

Figure 5 Standard 90° and optimized tundish configuration with + 8° deflection 

3. RESULTS AND DISCUSSION 

For the standard and optimized configuration of the tundish, three measurements were performed in physical 

and mathematical modeling under the same conditions and settings Table 2, from which the average values 

of the minimum and max. residence time for the left, middle and right casting strands were evaluated. For 

visual comparison, the water solution of KMnO4 hyper manganese was used and observations were recorded 

at three-time intervals depending on the largest differences observed. The measurement is started from the 

moment the tracer is injected. 

Table 2 Setting of the tundish for the needs of measuring C-Curves 

Tundish flow configuration  

Mode Steady state mode 

Tundish inlet 24 2�. ���+�3 
Tundish outlet 8 2�. ���+�3 
Level height 300 mm 

Amount of tracer 150 ml 

Number of measurement repetitions 3 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

184 

In the following graphs is the evaluation of measurements in the standard (left graph) and optimized 

configuration (right graph) in the form of C-curves. In Figure 6 the left graph shows the results of the standard 

configuration, and the right graph shows the results of the optimized configuration with a deviation of 8°. The 

Figure 7 shows the results of verification of the mathematical simulation by a physical model, the distribution 

of the graphs is same to Figure 6. 

 

Figure 6 Results of mathematical simulation: left (standard configuration), right (optimized configuration + 8°) 

 

Figure 7 The results of physical simulation left (standard configuration), right (optimized configuration + 8°) 

The shape of the C-curves and the residence time values are very similar for both configurations and models. 

It is clear from the graphs and tables that the verification of mathematical simulations by a physical model 

confirmed the correctness of the investigated optimization of the deflection of the outlet openings in the tundish 

dam. The differences in residence times between casting flows were visibly shortened after optimization on 

both the physical and mathematical models. The optimized deflection of 8° shortened the residence times by 

approx. 18 %. The distribution of residence times between the individual casting strands Figure 6 shows that 

the shortest time is the middle flow (CS) No.2. This result was also confirmed by physical simulations Figure 7. 

In Tables 3,4 the specific measured values of minimum and maximum residence times of mathematical and 

physical model are shown. The tables also show the percentage differences in residence times for both 

configurations. 

Table 3 Resulting values of residence times of mathematical simulations 

Casting strand (CS) MATH. (CS) No.3 (CS) No.2 (CS) No.1 

Parameter [s] Tmin. Tmax. Tmin. Tmax. Tmin. Tmax. 

Residence time - Standard 34.7 195.6 22.6 155.7 55.5 244.8 
Residence time - Diversion 8° 42.3 240.5 28.5 125.3 48.7 242.3 
Percentage difference +22 % +23 % +26.1 % -19.5 % -12.3 % -1 % 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

185 

Table 4 Resulting values of residence times of physical simulations 

Casting strand (CS) PHYS. (CS) No.3 (CS) No.2 (CS) No.1 

Parameter [s] Tmin. Tmax. Tmin. Tmax. Tmin. Tmax. 

Residence time - Standard 35.4 180.6 22.7 157.3 53.2 248.6 

Residence time - Diversion 8° 41.8 247.7 24.8 129.7 42.1 245.5 
Percentage difference +18.1 % +37.2 % +9.3 % -17.5 % -21 % -1.2 % 

4. CONCLUSION 

Based on the results of verification of mathematical simulations by physical model, it is possible to state the 

success of the proposed deviation of the outlet openings in the tundish dam by 8°. The deflection would lead 

to a more even flow in the tundish, as the residence time of the middle strand approached strands 1. and 3. 

Improving the residence times by 18 % means shortening the transition area which improving steel quality, 

higher cleanliness of cast steel and less wear of refractory lining of tundish. Applying this configuration in 

practice would reduce the unusable transition product. Higher cleanliness of steel is directly proportional to its 

quality and lower wear of the refractory lining would lead to a reduction in the cost of its repair and eventual 

replacement. All factors would be positively reflected in the increase in production of quality steel and profit 

from production. 

ACKNOWLEDGEMENTS   

Authors are grateful for funding by VEGA project 1/0212/21. 

REFERENCES 

[1] SMIL, V. Still the Iron Age: Iron and Steel in the Modern World. Butterworth-Heinemann, 2016. 

[2] PALLOTTA S.p.A, Refractories for continuous casting tundish. [Online]. 2018. [viewed: 2021-06-21]. Available 
from: http://www.pallottaspa.it/pdf/brochures/Continuous-Casting-Tundish.pdf. 

[3] SAHAI, Y. Tundish technology for clean steel production. Singapore: Hackensack, NJ: World Scientific, 2008.  

[4] KOWITWARANGKUL, P., HARNSIHACACHA, A. Tracer injection simulations and RTD analysis for the flow in 3-

strands steelmaking tundish. Key Engineering Materials. [Online]. 2016, vol. 728, pp. 72-77. Available from: 
https://doi.org/10.4028/www.scientific.net/KEM.728.72. 

[5] HARNSIHACACHA, A., PIYAPANEEKOON, A., KOWITWARANGKUL, P. Physical water model and CFD studies 
of fluid flow in a single strand tundish. Materials Today. [Online]. 2018, vol. 5, no. 3, pp. 53-88. Available from: 

https://doi.org/10.1016/j.matpr.2017.10.093. 

[6] TKADLEČKOVÁ, M., WALEK, J., MICHALEK, K., HUCZALA, T. Numerical analysis of rtd curves and inclusions 

removal in a multistrand asymmetric tundish with different configuration of impact pad. Metals. [Online]. 2020, pp. 
849. Available from: https://doi.org/10.3390/met10070849 

[7] HUSSAIN, C, M. Nanomaterials in Chromatography: Current Trends in Chromatographic Research Technology 
and Techniques. Amsterdam: Elsevier, 2018. 

[8] BUĽKO, B., KIJAC, J. Optimization of tundish equip-ment. Acta Metallurgica Slovaca. 2010, vol. 16, 2010, pp. 76-
83. 

[9] GOK, K., INAL, S., GOK, A., GULBANDILAR, E. Orthogonal, Skewness quality mesh metrics spectrum. [Online]. 
2017. [viewed: 2021-06-21]. Available from: https://www.researchgate.net/figure/Skewness-mesh-metrics-

spectrum_fig4_316013451. 

[10] BUĽKO, B., DEMETER, P. Laboratory of simulation of flow processes. Technical University of Košice, Institute of 

Metallurgy, Department of Metallurgy and Foundry. [Online]. 2017. [viewed: 2021-06-21]. Available from: 
https://ohaz.umet.fmmr.tuke.sk/lspp/index_en.html. 

 



 

 

 

SESSION B - METAL FORMING 

 

Chairmen 

 

Assoc. Prof. Ing. Richard FABIK Ph.D.  Liberty Ostrava a.s., Czech Republic, EU 

Prof. Ing. Jiri KLIBER, CSc.   VSB - Technical University of Ostrava, Czech Republic, EU 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

187 

INFLUENCE OF STRUCTURE ON FORMABILITY OF STAINLESS STEELS USED AT 

PRODUCTION OF EXHAUST COMPONENTS 

1Jiří SOBOTKA, 1Pavel SOLFRONK, 1Martin ŠVEC, 1David KOREČEK 

1TUL - Technical University of Liberec, Liberec, Czech Republic, EU,  

jiri.sobotka@tul.cz, pavel.solfonk@tul.cz, martin.svec@tul.cz, david.korecek@tul.cz 

https://doi.org/10.37904/metal.2021.4107 

Abstract 

Stainless steels are nowadays used in a wide range of industrial products. One example of their utilization in 

the industrial practice represents production of the exhaust systems components in the automotive industry. 

Corrosion-resistant materials intended to be processed by the forming technologies generally reveal very good 

deformation properties and high mechanical values as well. These properties are given mainly due to the high 

content of alloying elements, stability of the chemical composition and production technology. The submitted 

paper evaluates the influence of structure on the formability of two stainless steels 1.4301 (designation acc. to 

EN 10028-7-2016) used for production the exhaust system components. Each of the tested stainless steels is 

supplied by a different manufacturer. Despite the declared identical chemical composition and the same 

mechanical properties, one of the tested materials showed quite high level of scrap production. As a critical 

point of the production there was identified the cutting operation in combination with the subsequent expansion 

of the cut hole. During this operation, a massive crack occurred in one of the tested materials in the 

circumferential part of flange. Moreover, the crack always occurred in the identical location of the product. Own 

formability evaluation was assessed by means of a static tensile test and structural analysis performed on a 

TESCAN MIRA 3 electron microscope. In addition to these tests, a hole expansion test with different 

adjustment of cutting clearance was also performed. Based upon the measured data, there were formulated 

conclusions regarding the causes of cracking in the case of one tested corrosion-resistant material designed 

for production the exhaust components. 

Keywords: Stainless steel, structural analysis, formability, electron microscope, hole expansion test 

1. INTRODUCTION 

In the production of stainless materials, advanced technological procedures are used to declare their exact 

chemical composition and mechanical properties. Excellent formability, high strain hardening exponent and 

stability of the mechanical properties predetermine these materials for the production of parts using the metal 

forming technologies [1,2]. However, during forming are in most cases used various combinations of individual 

technological operations and processes, which reduce the plastic properties of processed material - thus can 

negatively affect the part production process. One of these operations that significantly affects the plastic 

abilities of the material is the cutting technology, where around the cutting edge can be determined a fatal 

depletion of plastic properties in combination with the microcracks occurrence on the cutting edge. Both of 

these factors can cause problems within any subsequent metal forming operations. One of the common 

combinations of such forming technologies represents a cutting with subsequent expansion of the given cut 

hole [3,4,5]. The submitted paper deals with the possible causes of cracking in the case of corrosion-resistant 

material at production components for exhaust systems, where technologies mentioned above are combined. 

For production is used a stainless steel material 1.4301 (designation acc. to EN 10028-7-2016) with a thickness 

of 1 mm, which is supplied by two manufacturers. The shape of manufactured part (to be specific - shape of 

the expanded hole) together with the critical area of fracture can be seen in Figure 1. 
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Figure 1 Geometry of the tested parts (detail of expanded holes with/without fracture) 

The manufacturers of comparing materials declare both mechanical values and chemical composition. Despite 

the fact that both materials fulfil requirements given by the relevant standard, there is a significantly higher 

scrap rate during production in the case of one manufacturer than in the other one. For comparison purposes, 

both tested materials were marked as 1.4301 - OK and 1.4301 - NOK. 

2. ANALYSYS OF CRACKING CAUSES 

As part of the research about possible causes of cracking for the given product, there were performed the 

following tests and analysis: static tensile test to determine the basic mechanical properties, hole expansion 

test (technological test - so-called Marciniak test), analysis of the chemical composition and structural analysis. 

Such selection aroused from the basic mechanical and structural analysis of materials [6,7]. 

Static tensile test 

Basic mechanical values of tested materials were determined by means of the static tensile test - always from 

a set of 5 specimens. Testing specimens were cut in directions 0° and 90° with respect to the rolling direction. 

The shape and dimensions of testing specimens were chosen in acc. with the standard ČSN EN ISO 6892-1. 

Testing specimens of both tested materials were prepared by shearing followed by grinding of cut surfaces. 

Methodology and evaluation of the static tensile test was done again in accordance with the above-mentioned 

standard ČSN EN ISO 6892-1. The static tensile test was performed on a TIRA Test 2300 machine using 

software Labtest 4.9 for processing the measured data and evaluation the basic mechanical characteristics 

(proof yield strength Rp0.2, ultimate strength Rm, uniform ductility Ag and total ductility A80mm). The values of 

material characteristics determined in the way described above are summarized in Table 1, where are given 

the mean values of monitored characteristics (averages) as well as standard deviations. Characteristic graphs 

(engineering stress-strain curves) both for all tested materials and used direction are shown in Figure 2. 

Table 1 Mechanical properties of tested materials 1.4301 (OK and NOK), thickness t0 = 1 mm 

Specimen and rolling direction 
Rp0,2 

(MPa) 

Rm 

(MPa) 

Ag 

(%) 

A80mm 

(%) 

1.4301 - OK 
0° 301.5 ± 0.9 668.0 ± 1.8 46.4 ± 0.5 53.2 ± 0.5 

90° 290.0 ± 4.0 634.5 ± 1.9 53.0 ± 0.9 60.0 ± 0.5 

1.4301 - NOK 
0° 293.5 ± 0.9 666.5 ± 1.9 47.5 ± 0.4 52.6 ± 0.4 

90° 286.5 ± 3.5 641.0 ± 2.1 54.4 ± 0.7 58.8 ± 0.7 
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Figure 2 Stress-strain curves from the static tensile test - material 1.4301 (OK and NOK) 

Hole expansion test (Marciniak test) 

The test methodology and evaluation were chosen regarding the standard ISO/DIS 12004-2. The specimen 

with a cut hole having diameter 20 mm was expanded with a flat punch of diameter 100 mm until a crack was 

formed in the area of cut edge. The radius of punch drawing edge R10 was chosen in accordance with standard 

ISO/DIS 12004-2. The principle of the hole expansion test is schematically shown in Figure 3. Three different 

cutting clearances were chosen for the test - they were as following: 1 %, 8 % and 16 % with respect to the 

initial thickness t0 of tested material. These magnitudes of used cutting clearances were applied based upon 

the measurement the real cutting clearances of the tool that is used to manufacture components of the exhaust 

systems. From the measured values of hole diameters at the beginning and at the end of the test, the tangential 

strain (tangential fracture strain) was subsequently calculated according to equation (1), which can serve as a 

numerical explanation of cutting technology influence on the subsequent plastic properties of tested materials. 

The values of such tangential strain for both tested materials (1.4301 - OK and NOK), determined as described 

above, were processed in Table 2, where the mean values of monitored characteristics (averages) and the 

standard deviations always from 5 measurements are given. The own courses of tangential strain in 

dependence on the used cutting clearances for both tested materials are shown in Figure 4. 

�� � �� � ���	               (1) 

where: 

t - the tangential strain (1) 

D - the final diameter (mm) 

D0 - the initial diameter (mm) 
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Figure 3 Principle of the hole expansion test (Marciniak test) - before and after test 

Table 2 Values of tangential strain for both tested materials 1.4301 (t0 = 1 mm) 

Tested material 
Tangential strain t (1) 

ms = 1 % t0 ms = 8 % t0 ms = 16 % t0 

1.4301 - OK 0.441 ± 0.012 0.551 ± 0.013 0.564 ± 0.016 

1.4301 - NOK 0.404 ± 0.020 0.473 ± 0.021 0.556 ± 0.024 

 

 
Figure 4 Tangential strain t vs. cutting clearances ms for both tested material 

Chemical composition analysis 

Chemical composition analysis was performed on a Bruker-Quantron spark-optical emission spectrometer 

labelled as Q4 Tasman. Such analysis was determined based on five measurements for each tested material 

(1.4301 - OK and 1.4301 - NOK). Results are summarized in Table 3, with the average values. 

Table 3 Chemical composition of tested materials (1.4301 - OK and 1.4301 - NOK) 

Specimen 
Chemical element [wt%] 

C Si V Cr Mn Fe Ni Cu Nb Mo 

OK 0.043 0.260 0.090 18.201 1.755 70.975 8.065 0.310 0.009 0.345 

NOK 0.051 0.375 0.101 17.835 1.325 71.555 7.945 0.545 0.009 0.302 
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Structural analysis 

Structural analysis was performed on a scanning electron microscope TESCAN MIRA 3. During the analysis 

of possible cracking causes of material 1.4301 - NOK, men grain size and ratio of the individual phases 

(austenite and ferrite) in the structure were analysed for both tested materials. An example of the structural 

analysis results can be seen in Figure 5 (mean grain size) and Figure 6 (ratio of the individual phases). 

  
1.4301 - OK 1.4301 - NOK 

Figure 5 Structural analysis - mean grain size 

From the grain size analysis is evident, that material labelled as 1.4301 - NOK has a mean grain size ECD 

equal to magnitude 14.95 m. Material labelled as 1.4301 - OK has a mean grain size ECD equal to magnitude 

17.1 m. As a basic structural phase for both tested material there is austenitic phase. Residual phase consists 

of ferritic phase with portion about 3 % in the case of 1.4301 - NOK and cca 0.5 % for material 1.4301 - OK. 

  
1.4301 - OK 1.4301 - NOK 

Figure 6 Structural analysis - ratio of the individual phases (austenite - green, ferrite - red) 
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3. CONCLUSION 

From the measured mechanical values is evident that both tested materials fulfil the prescribed mechanical 

values and mutual differences between these two tested materials are negligible from the metal forming point 

of view. From the performed hole expansion test, the different deformation behaviour of both tested materials 

under the given test is obvious. The material marked as 1.4301 - NOK achieved about 8 % lower plastic 

properties compared to the material 1.4301 - OK. The higher cutting clearance, the better plastic properties of 

both materials, which can be explained by the decreasing hardening in the shear edge area. From the chemical 

composition analysis point of view is evident, that differences in the chemical composition of both tested 

materials are negligible and device Q4 Tasman identified both of them as material 1.4301. From the structural 

analysis is arising that shape and size of grains are practically identical for both tested materials - to be specific 

that differences in grain size between 1.4301 - NOK and 1.4301 - OK are negligible. On the other hand, as the 

problem should be taken into account portion of the austenitic and ferritic phases in the structure of both tested 

materials. In the case of material 1.4301 - OK, the structure consists exclusively of an austenitic phase with a 

trace amount of ferrite (0.5 %) homogeneously dispersed throughout the material volume. However, the 

material marked as 1.4301 - NOK has in the structure about 3 % of ferrite that can be found in the shape of 

strips in the middle of material thickness. This inhomogeneity (to be specific - microscopic texture of ferrite) 

can probably cause the material tendency to crack when the cutting edge is plastically deformed. However, 

there should be performed another studies about such influence together especially with other materials. 
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Abstract  

The paper presents the results of computer modeling of a new technology for bar scrap recycling, which 

includes two processing technologies: radial-shear rolling and drawing. At the first stage, the initial billet in the 

form of a reinforcement profile with a diameter of 16 mm is heated to 1000 °C and rolled on a radial-shear 

rolling mill to a diameter of 14 mm. The purpose of this stage is to remove the reinforcement ribs, both 

longitudinal and transverse. At the second stage, the billet is cooled to 800 °C and rolled on a radial-shear 

rolling mill from a diameter of 14 mm to 10 mm in 2-4 passes, depending on the technological capabilities of 

the mill. The goal of this stage is to implement severe plastic deformation in the metal of the deformable billet 

in order to obtain a gradient ultrafine-grained structure in it. At the third stage, the rolled billet is cooled to 20 °C 

and drawn from a diameter of 10 mm to a diameter of 8 mm in 2 passes. The purpose of this stage is to align 

the helical surface obtained after radial-shear rolling, and to obtain a high-quality commercial product in the 

form of a bar (wire) of circular cross-section with a gradient ultrafine-grained structure along the cross-section. 

Keywords: Recycling, rebar products, radial-shear rolling, drawing, modeling 

1. INTRODUCTION 

Recycling of waste, both ferrous and non-ferrous metals (scrap metal), is a useful process for the economy of 

any country. This is due to both economic aspects (waste recycling has a positive effect on the extraction of 

natural resources, as the need for them decreases), and environmental aspects (most modern metal products 

contain a large number of other chemical elements, many of which are toxic). 

One of the most well-known and widespread methods of ferrous metal scrap processing is its remelting and 

further secondary use. Recently, a fairly new method of metal products processing that have failed or have 

already served their term, having a circular cross-section, is gaining popularity - deformation in the hot state 

on radial-shear rolling mills [1-2]. It has already been proved that radial-shear rolling [3] makes it possible to 

obtain high-quality bars from various materials with a gradient ultra-disperse structure [4-5]. This method is the 

most technologically advanced and easy to implement in comparison with many other of metal forming 

methods, which allows for the implementation of severe plastic deformations in the entire deformable body. 

It was proposed to use the technology of radial-shear rolling together with the technology of drawing for the 

processing of conventional bar scrap of ferrous metals, including reinforcing profiles, in order to obtain a high-

quality commercial product in the form of round cross-section bars or wire. This technological solution is 

justified by the fact that at present, specialized enterprises for the reception, storage and processing of scrap 

(waste) of ferrous metals have a large amount of black scrap, which can be processed at the radial-shear 

rolling mill and drawing mill in order to obtain high-quality bars or wire with a given level of mechanical 

properties. 
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The purpose of these studies is computer modeling and theoretical study of the process of processing 

(recycling) of ferrous metal bar scrap in the form of a reinforcing profile into a finished commodity product in 

the form of a bar (wire) of a circular cross-section. 

2. COMPUTER SIMULATION  

For computer simulation, the Deform program (SFTC, USA) was selected, which allows to simulate metal 

forming processes of any complexity. The simulation is carried out by the finite element method (FEM). 

To create a basic model of radial-shear rolling, it was decided to use the parameters of the existing SVP-08 

radial-shear rolling mill installed at Rudny Industrial Institute (Rudny, Kazakhstan). The initial billet in the form 

of a reinforcement profile had a diameter of 16 mm and a length of 100 mm. 

The following route deformation technology was developed: 

 The initial billet is heated to 1000 °C, then rolled on a radial-shear rolling mill with a diameter of 16 mm 

to 14 mm. The purpose of this step is to remove the reinforcement ribs, both longitudinal and transverse; 

 The resulting billet is cooled to 800 °C, then rolled on a radial-shear rolling mill from a diameter of 14 mm 

to 10 mm in several passes. The goal of this stage is to implement severe plastic deformation in the 

metal of the deformable billet in order to obtain a gradient ultrafine-grained structure; 

 Cooling of the rolled billet to 20 °C and subsequent drawing from a diameter of 10 mm to a diameter of 
8 mm in 2 passes. The purpose of this stage is to align the helical surface obtained after radial-shear 

rolling and give the billet a marketable appearance. 

DIN BSt420S steel was chosen as material of the billet, which is the closest analogue of 25G2S reinforcing 

steel. Two-stage heating for radial-shear rolling was chosen for the following reasons. At the first stage, when 

it is necessary to remove the reinforcing ribs, it is advisable to heat the workpiece more strongly to ensure 

greater ductility of the metal. At the second stage, when the purpose of rolling is intensive grinding of grains, 

it is advisable to reduce the temperature to the level of the beginning of recrystallization. 

The speed of rotation of the rolls was equal to 50 rpm, as the nominal value on the SVP-08 radial-shear rolling 

mill. The friction coefficient at the contact of the workpiece and the rolls was assumed to be 0.7, as the 

recommended value for hot rolling in Deform, the Siebel type of friction was set. This type of friction is 

recommended for processes where the contact pressure is higher than the yield strength (a characteristic 

condition for processes of severe plastic deformation). During drawing, the friction coefficient at the contact of 

the workpiece and the drawing tool was assumed to be 0.15, which corresponds to the polished surface of the 

drawing with the use of grease. The mechanical and thermal problems were solved simultaneously by setting 

a non-isothermal type of calculation. At the same time, the following heat transfer coefficients were set for the 

billet: with the environment = 50 W/(m2∙K); with deforming tools = 5000 W/(m2∙K). 

To create the geometry of the rolls, the KOMPAS-3D solid-state modeling program was used, while preserving 

the finished geometry in the STL format. When rolling, the rolls and the drawing tool were taken by rigid bodies, 

and the material of the workpiece was elastic-plastic. When creating a grid of finite elements on the blank, the 

relative construction type was chosen - the range of edge lengths of 0.4 - 0.8 mm was set. 

3. RESULTS AND DISCUSSION 

In the course of computer modeling, the shape change of the workpiece during the implementation of various 

stages of deformation was studied and the stress-strain state at these stages of deformation was analyzed. 

To assess the strain state, the "equivalent strain" criterion was used [6], the value of which depends on the 

values of the main strains and is determined by the formula: 
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When considering the stress state, the "equivalent stress" criterion was used to estimate the average level of 

the resulting stresses [6]. This criterion depends on the values of the main stresses and is determined by the 

formula: 
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For a full assessment of the resulting stresses, the criterion "average hydrostatic pressure" was studied [6], 

which allows to estimate the magnitude of the stresses taking into account the sign, i.e., to estimate the 

magnitude of the tensile and compressive stresses. This criterion is derived from the values of the main 

stresses and is determined by the formula: 

1 2 3

3
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                  (3) 

Figure 1 shows the successive stages of forming the workpiece during deformation according to the proposed 

route technology. 

  
a) The initial billet b) The 1st stage of deformation 

  

c) The 2nd stage of deformation, after the first 
compression by 2 mm 

d) The 2nd stage of deformation 

 

e) The 3rd stage of deformation 

Figure 1 Shaping of the workpiece 

At the first stage of deformation, the billet in the form of a reinforcement profile receives only a small 

compression, which removes the longitudinal and transverse ribs (see Figure 1b). Here, due to the 

compression of only the sections of the location of the edges, the total length of the workpiece practically does 

not change. In this case, the contour of the section of the workpiece due to the uneven compression in the 

radial direction takes an irregular shape - irregularities are clearly visible on the surface. 

At the next stage, the billet is rolled from a diameter of 14 mm to 10 mm. At first, it was decided to roll the billet 

in 2 passes with a compression of 2 mm in each. As a result, it was revealed that, despite the rolling out of the 

surface irregularities from the first stage, the overall profile of the workpiece after the first compression by 2 

mm acquires a peculiar helical contour, becoming similar to a drill (see Figure 1c). This is the result of uneven 
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compression at the first stage and a sufficiently large compression at the current stage. To reduce the possible 

effect of screw formation, an attempt was made to reduce the level of single compression to 1 mm and increase 

the total number of passes in the second stage to four. As a result, after passing through all four passes of 

deformation, the workpiece acquired a more regular round shape (see Figure 1d). At the same time, a small 

helical profile is still observed on the surface, but its level is quite commensurate with the resulting helical line, 

which is often observed during radial-shear rolling of ordinary round workpieces. 

At the last stage, the rolled billet was drawn from a diameter of 10 mm to a diameter of 8 mm in 2 passes. 

After the first drawing cycle, the surface of the workpiece takes on a completely regular round shape (see 

Figure 1e). Thus, the proposed route technology of deformation allows you to get a rod (wire) of the correct 

geometric shape from the original reinforcement billet. 

When analyzing the equivalent strain, it was decided to consider the longitudinal section of the workpiece, 

since in this case it is possible not only to numerically estimate the parameter, but also its distribution over the 

cross-section. 

  

 

a) After the first stage of deformation b) After the second stage of deformation 

 

c) After the third stage of deformation 

Figure 2 Equivalent strain 

At the first stage, the strain develops mainly in the surface layers of the workpiece. The only exception is the 

front end of the sample, where the strain penetrates deep due to the initial capture of the workpiece by the 

rolls. The average level of equivalent strain in the first stage is 0.6 - 0.7. In the second stage, the workpiece is 

subjected to four 1 mm compression. Due to the implementation of such a deformation scheme, the inner 

zones of the workpiece begin to be processed - the equivalent strain increases throughout the entire cross-

section of the workpiece, creating a gradient distribution pattern (from 0.4 in the center to 1.25 on the surface). 

At the third stage, when drawing, the workpiece also receives an increase in strain in the entire cross-section 

- in the central zone, the level of equivalent strain reaches 0.6, gradually increasing to 1.64 on the surface. 

When considering the components of the stress state (equivalent stress and average hydrostatic pressure), it 

was decided to consider them in the cross-section of the workpiece, since, unlike the equivalent strain, these 

parameters act in the zones of the direct deformation process and are reset when the load is removed.  

Considering the equivalent stress at the first stage (see Figure 3a), it can be noted that the maximum values 

of this parameter develop only on the rebar edges, reaching 250 MPa. In the main section of the workpiece, 

the stress level is reduced to 150 - 170 MPa. Due to the RSR scheme, three separate deformation zones are 

formed in the cross-section, the depth of penetration deep into the workpiece is not symmetrical, since in any 

arbitrary cross-section, some rolls will compress the ribs, others will contact the main body of the workpiece.  

At the second stage (see Figure 3b), due to the lack of reinforcement ribs, compression according to the RSR 

scheme is already carried out over the entire body of the workpiece. As a result, the distribution of all three 

deformation zones deep into the workpiece becomes more symmetrical. The maximum stress level develops 

in the areas of metal contact with the rolls and reaches 200 MPa. 
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a) After the first stage of deformation b) After the second stage of deformation 

   

c) After the third stage of deformation 

Figure 3 Equivalent stress on the surface and in the section of the workpiece 

At the third stage (see Figure 3c), when drawing a rolled billet cooled to ambient temperature, the stress level 

increases sharply - on the surface, their value reaches 750 MPa, gradually decreasing to 680 MPa in the 

center. When drawing a conventional round billet, the stress distribution pattern is annular. In this case, an 

annular stress distribution is observed with the effect of superimposing the triangular symmetry of the 

deformation zones at the previous RSR stage. In other words, the presence of a small helicity (see Figure 1d) 

leads to a distortion of the annular shape of the focus of deformation during drawing.  

When considering the average hydrostatic pressure, it was noted that the distribution of this parameter is 

largely similar to the distribution of the equivalent stress. So, at the first stage (see Figure 4a), the main 

development of the average hydrostatic pressure occurs on the reinforcement ribs - here compressive stresses 

occur, reaching -420 MPa. 

      

a) After the first stage of deformation b) After the second stage of deformation 

   

c) After the third stage of deformation 

Figure 4 Average hydrostatic pressure on the surface and in the section of the workpiece 
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At the same time, in the main body of the workpiece, the level of compressive stresses is much lower, about -

180 MPa. At the same time, an asymmetric nature of the stress distribution over the cross-section is also 

observed due to uneven compression along the diameter. 

At the second stage (see Figure 4b), when the entire body of the workpiece is compressed according to the 

RSR scheme, the distribution of all three deformation zones deep into the workpiece becomes more intense 

and symmetrical. The maximum level of compressive stresses develops in the areas of metal contact with the 

rolls and reaches -360 MPa. In the third stage (see Figure 4c), when drawing the rolled billet at ambient 

temperature, the stress level increases sharply. At the same time, the distribution of the average hydrostatic 

pressure changes dramatically - if at the first two stages of radial-shear rolling, the deformation zones mainly 

consisted of compressive stresses, then at the drawing stage, both compressive and tensile stresses are 

present in the annular deformation center. In the inclined section of the portage, where compression is carried 

out along the diameter, compressive stresses act on the surface, their value reaches -490 MPa. When moving 

deep into the workpiece, their intensity decreases, and in the central zone there are already tensile stresses 

at the level of 60 MPa. In a rectilinear calibration belt, a section of surface tensile stresses reaching 170 MPa 

occurs on the surface of the workpiece. In the future, after the billet leaves the portage, a uniform field of tensile 

stresses at the level of 35 - 40 MPa is created in its entire cross-section due to the pulling action at the front 

end of the billet. 

4. CONCLUSIONS 

The paper presents the results of computer modeling of a new technology for recycling of bar scrap in the 

reinforcement profile, which includes two processing technologies: radial-shear rolling and drawing. 

The results of computer simulation showed that at the first stage of radial-shear rolling at a temperature of 

1000 °C, the ribs of the reinforcement profile, both longitudinal and transverse, are rolled out. With the further 

implementation of the radial-shear rolling process, but already at a temperature of 800 °C, a favorable stress-

strain state is created in the deformed metal to obtain bars of circular cross-section with a gradient ultrafine-

grained structure. The introduction of such metal forming method as drawing at ambient temperature into the 

proposed technological scheme of recycling of bar scrap allowed to obtain a rod (wire) of the correct geometric 

shape with a diameter of 8 mm. If it is necessary to obtain a wire of a smaller diameter, the number of passes 

can be increased with the introduction of intermediate annealing into the proposed technological scheme of 

recycling (in order to avoid the appearance of cracks between the drawing passes). 
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Abstract  

To explore the feasibility of directly spinning thin-walled components from aged aluminum alloy sheets under 

rapid laser heating, the laser-assisted spinning process of aged 7075-T6 aluminum alloy was carried out by 

means of an ellipsoid component shear spinning test. Compared with cold spinning, the critical thinning of the 

laser-assisted spun component was more than 30 % higher than that of the cold spun component, and the 

laser-assisted spun component has good geometric accuracy, which indicates that the formability of the 7075-

T6 aluminum alloy can significantly be improved with the laser-assisted spinning process. Moreover, the 

Vickers hardness tests for the spun components were arranged to evaluate its mechanical properties. The 

measurement results show that the micro hardness of the laser-assisted spun component is significantly 

decreased. The reason for the decrease phenomenon is that the GP zone of the 7075-T6 re-dissolves and the 

fine precipitates grow up to coarse precipitates. 

Keywords: Laser-assisted spinning, aged aluminum alloy, spinning ability, hardness, precipitate 

1. INTRODUCTION 

High strength aluminum alloy, Al-Cu-Mg and Al-Zn-Mg-Cu series aluminum alloy, is widely used in aerospace 

and national defense fields due to its high specific strength and toughness [1,2]. Generally, the stiffness of 

large thin-walled components is very weak, and the quenching process brings significant thermal deformation, 

which makes it difficult to ensure the geometric accuracy of the components. Therefore, a rapid heating 

stamping technology with the natural aged aluminum blank is developed in recent years, in which the pressed 

components with high geometric accuracy and mechanical property are obtained due to the omitted quenching 

procedure, meanwhile, the technological process is shorten [3]. 

At present, metal spinning is widely developed in aerospace aluminum alloy components. For hot spinning of 

metal with poor plasticity, a heating source with high efficiency and good controllability is a key precondition. 

Contrasted with induction heating and resistance heating, laser-assisted heating is an advanced technology 

due to its rapid and local heating. The heating area and temperature can be adjusted by the laser parameters 

and position during forming. In recent years, laser-assisted spinning technology has attracted the attention of 

numerous researchers. Klock [4] developed laser-assisted spinning technology for stainless steel and titanium 

alloy forming and found that the spinning ability of these materials was significantly improved and the 

intermediate annealing procedures were omitted. Romero [5] improved the poor formability of DP800 steel 

with laser-assisted spinning. Hino [6] revealed that the forming limit of AZ31 magnesium alloy increases with 

the laser power increases in laser-assisted incremental forming. Brummer [7] carried out the laser-assisted 

spinning of titanium alloy, and results show that the laser-assisted spinning could avoid cracking, improve 

geometric accuracy. Up to now, most of the researches focus on the improvement of forming limit of annealed 

material and geometric accuracy of thin-walled components by laser-assisted spinning. However, the research 

on the aged aluminum alloy of laser-assisted spinning and the micro mechanism are rarely published. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

200 

In this paper, the laser-assisted shear spinning is used to study the formability, the geometric accuracy and 

mechanical property (micro hardness) of the AA7075-T6 thin-walled spun component, and the evolution of 

precipitates of the aged aluminum alloy introduced with the laser temperature field is investigated. 

2. EXPERIMENTAL 

In this study, the machine ZENN-100 CNC and YLR-1500 single-mode resonant laser transmitters were used 

for the laser-assisted spinning experiment. The laser incidence angle and irradiation distance were adjusted 

before spinning to ensure that the laser irradiation point is always concentrated on the blank zone in front of 

the roller. The blank can be heating rapidly and locally before forming. The laser-assisted spinning test setup 

is shown as Figure 1, which is composed of the mandrel 1, roller 2, tailstock 3, and laser maser 4. 

A single-pass shear spinning test was carried out on an ellipsoidal mandrel. The dimension of the mandrel is 

shown in Figure 2, and the red line represents the trajectory of the roller. The initial blank is the 7075-T6 

aluminum alloy sheet with 1.85 mm thickness. the cold spinning and laser-assisted spinning tests were 

arranged in this study. The parameters for the above tests are: the laser power 1200W, the irradiation distance 

200 mm, constant linear velocity 100mm/s. Graphite powder was coated on the surface of the initial sheet 

before spinning to increase the laser absorptivity and decrease the friction. 

 

1- Mandrel (left: ellipsoid, right: cone), 2- Roller, 3- Tailstock, 4- Laser maser 

Figure 1 Laser-assisted spinning test setup 

 

Figure 2 Dimension of the mandrel and trajectory of the roller 
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3. RESULTS AND DISCUSSIONS 

3.1. Spinning ability 

The AA7075-T6 cold spun (CS) and laser-assisted spun (LAS) components are shown in Figure 3, 

respectively. It is obvious that the shear spinning ability of AA7075-T6 is very poor at room temperature,  

and a crack appears early on the CS component, as shown in Figure 3(a). However, the shear spinning ability 

of AA7075-T6 is improved significantly under the LAS, a deeper spun component was obtained, as shown in 

Figure 3(b). Figure 4 shows the gap of the part-mould of the spun components at the final moment. The part-

mould gap of CS component is larger because of the higher yield stress of AA7075-T6 at room temperature, 

as shown in Figure 4(a). For the LAS, the part-mould gap is very small, as shown in Figure 4(b). 

  

Figure 3 Photo of 7075-T6 spun componets: (a) CS, (b) CS 

   

Figure 4 Contour of 7075-T6 spun componets in the mandrel: (a) CS, (b) CS 

FARO measurement arm was used to scan the spun components and then the geometries were reconstructed. 

The thickness of CS componet near the crack is 1.19 mm, and the minimum thickness of LAS componet is 

0.62mm. That is, the thinning of CS and LAS componets are 35.8 % and 66.7 %, respectively. In addition, 

there is no crack on LAS component, which indicates that the thinning can reach a higher value further. 

Therefore, it is obvious that the spinning ability of AA7075-T6 is increased significantly, at least 30.9 %, under 

the laser-assisted forming conditions in this study. 

3.2. Micro hardness 

The square samples with the size of 1 mm × 1 mm were cut from the CS and LAS components along the 

generatrix direction, all of the intervals between the samples maintain 1 mm. Therefore, five samples were 

taken from the CS component mark as Sample 1 to 5, and eight samples were taken from the LAS component 

mark as Sample 1 to 8, as shown in Figure 5. 
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Figure 5 Positions of micro hardness measurement and microstructure observation 

The Vickers hardness tests were carried out to evaluate the mechanical property of the inner surface (IS) and 

outer surface (OS) of the samples at a load of 200g in a HXD-1000TMJC/LCD, and the average value is 

calculated after measuring three times each sample. Micro hardness of spun components from the forming 

beginning to the ending is shown in Figure 6. For the CS component, the micro hardness of the OS is slightly 

higher than that of the IS. The reason is that the roller contacts on the OS of the sheet directly, the strain 

gradient exists along the thickness direction in the deformed material, which leads to a higher hardening effect 

for the OS. It should be noted that the hardness values for the IS and OS are approximate. For the LAS 

component, the hardness magnitudes show a decreasing tendency both of the OS and IS, and it is lower than 

the hardness of the initial sheet, HV186.2. The minimum hardness of LAS is HV99.7, which is 53.5 % of the 

initial sheet approximately. In general, annealed 7075 aluminum alloy is about HV60. To a certain extent, the 

strength index of 7075-T6 aluminum alloy can be retained after LAS. Obviously, the micro hardness on the 

LAS component is quite different from that of the CS component. The effect of the laser temperature field 

during spinning on the microstructure evolution of the material is further explored by means of microstructure 

observation in the next section. 

  

Figure 6 Micro hardness of AA7075-T6 components: (a) CS, (b) LAS 
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3.3. Microstructure observation 

The positions of samples for microstructure observation are shown in Figure 5. A sample was cut at the ending 

point of the CS component, where the deformation is most severe. In order to ensure the microstructure 

observations possessed comparability, another sample, which has the same thinning as the sample in the CS 

component, was cut at the middle position on the LAS component. It is worth noticing that the sample position 

for the LAS component shows a significant hardness difference between the IS and OS. The TEM samples 

were punched, ground and twin jet electropolished in a mixed solution of HNO3 and methanol (1:4 in volume) 

at -30°C. The morphologies and distributions of the second phases are analyzed by the TALOS F200X G2 

transmission electron microscope. 

AA7075 is an Al-Zn-Mg-Cu series alloy. The main strengthening alloy elements are Zn and Mg. The 

precipitation sequence of the alloy during aging treatment is: supersaturated solid solution (SSS) → solute-

vacancy → GP zone→ intermediate phase η′ or T′ → equilibrium phase η(MgZn2) or T(Mg32(Al, Zn)49)[8, 9]. η′ 

is semi-coherent with the Al matrix, which is the main strengthening phase, and η is non-coherent with the Al 

matrix, which results in a significant reduction in its strengthening effect [10]. Besides of the precipitate phases, 

the precipitation free zones (PFZs) by interacting with vacancies in the Al matrix grain boundary is an important 

factor affecting the mechanical properties. The material strength and ductility are decreased with the width of 

PFZs increase [11,12]. 

The TEM micrographs of the IS and OS for the CS component are exhibited in Figure 7(a) and 7(b), 

respectively. It can be observed that fine phases with different morphologies are evenly distributed within the 

grains. The fine plate-like and polyhedral precipitates are GP zone, spherical precipitates are T', whereas short 

rod-like precipitates are η'. Meanwhile, PFZs can be observed distinctly in the grain boundary. The width of 

the PFZs of the IS is 42.3 nm, which is a little wider than 36.9 nm at the OS. The observation explains that the 

micro hardness of IS is slightly lower than the OS of the CS component. Figure 7(c) and 7(d) show the TEM 

micrographs of the IS and OS for the LAS component, respectively. Apparently, the sizes of the precipitated 

phases are significantly larger than that of the CS component. The grown granular T and the short rod-shaped 

η can clearly be observed, and the small GP zone re-dissolved. The sizes of the dispersed precipitates of the 

OS are slightly smaller than that of the IS. The width of the PFZs at the OS is 111.3 nm, but the width of the 

PFZs of the IS is about 160.7 nm. It means that the strength of grain boundaries of the IS is weaker than the 

OS, which is the reason of the micro hardness of the IS is much smaller. 

   

Figure 7 TEM micrographs of AA7075 parts: (a) IS of CS, (b) OS of CS, (c) IS of LAS, (d) OS of LAS 

4. CONCLUSIONS 

In this paper, the laser-assisted spinning process of 7075-T6 aluminum alloy was investigated. The 

conclusions are summarized as follows:  
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The spinning ability of the 7075-T6 aluminum alloy can significantly be improved under laser-assisted spinning 

process. Compared with cold spinning, the laser-assisted spinning can achieve higher thinning, and also 

acquire better geometric accuracy. 

The micro hardness of the spun component showed a decreasing tendency in the laser-assisted forming. 

Under the forming conditions in this study, the minimum hardness is 53.5 % of the initial sheet 7075-T6 

approximately. 

For the LAS component, the GP zone re-dissolved, fine precipitates (T', η') grew up and the PFZs widen were 

the reason for the decrease of micro hardnesses compared with the initial 7075-T6 sheet. 
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Abstract 

For micro forming process, the initial material of sheet metal is desired, with the thickness below 1 mm. 

Miniature parts have tight dimensional tolerances and require low surface roughness. These qualities are 

relatively easy to achieve if the material of the sheets used are ultra-fine grained. This paper introduces 

a I-ECAP-R method to produce the above mentioned sheet metal. The method consists of sequential use of 

two multistage processes. The first process includes incremental pressing of a 3 mm thick sheet metal. The 

second one is multi-stage rolling to flatten the sheets.  Initial runs using 1050 Aluminium have shown promising 

results. These were obtained with a help of two invented technological tests: MB, micro-blanking with a blank 

holder and MTE, micro-extrusion with tension. In both tests. The maximum shaping force increased by 16.5 % 

and 24.7 %, respectively, and the tendency to locate deformations decreased, as evidenced by the shift of the 

points of maximum force in the direction of the punch displacement by 26.4 % and 4.7 %, respectively. 

SEM studies of the fracture surfaces did not show significant differences in the nature of deformation 

processes ended with loss of cohesion. Both the UFG and CG material show similar bundle fracture.  

Keywords: I-ECAP-R, UFG materials, technological tests, microforming 

1. INTRODUCTION 

The stormy development of various types of microdevices [1], which has been observed for several decades, 

causes a gradual increase in the demand for metal micro-parts [2] They must be characterized by high 

dimensional accuracy and surface smoothness [3,4]. These requirements are met by metal forming processes, 

during which, by eliminating the cracking phenomenon, it is possible to obtain surfaces with theoretically atomic 

smoothness. Reducing the dimensions of objects produced by this method causes the so-called scale/size 

effects [5,6] Their influence on the course of processes and product properties increases with the reduction of 

the dimensions of the shaped object [7] and it cannot be ignored when the dimensions of the products are 

close to 1 mm [8]. This results in the definition of microforming, distinguished as a new technology. 

Microforming is the plastic shaping of objects with at least two overall dimensions of approx. 1 mm [9]. 

The most frequently considered scale effects are: the volume effect - usually combined with the size of the 

material grain [10,11,12] and the surface effect [5] - associated with the surface layer. The first has an impact 

on the quality and performance of the micro-parts, and the second on contact phenomena such as friction [13] 

and the tendency to adhesive bonding [14]. The effect of scale may also occur in the construction of micro-

tools [15,16] and process design [17]. Very low energy expenditure needed to produce micro-parts causes 

frequent use of unconventional methods of supporting processes, such as the use of lasers [18,19,20] and 

vibrations of various frequencies [21,22,23] An effective method of microforming is the use of progressive dies, 

i.e. shaping products from the strip through successive operations, until the final separation of the product [24, 

25]. This method replaces the inter-operational transport, which is troublesome in the case of micro-objects. 

The volume effect of scale occurs when the dimensions of the product are comparable with the grain size of 

the material used [7]. A natural method of avoiding this unfavorable effect is to use UFG (ultrafine grained) 
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materials with a reduced grain size as opposed to CG (coarse grained). Often, such materials have unique 

mechanical properties as substantially greater strength, hardness and fatigue life [26]. On another hand the 

formability and ductility of the UFG materials are comparable or sometimes even better to CG material [4,27]. 

For the above reasons, there is a need for UFG tapes that can be used in microforming processes. The article 

proposes a I-ECAP-R method of obtaining such tapes. 

2. MATERIAL 

UFG materials with dimensions that can be used as a starting material for the construction of machine parts 

can be obtained in three main ways: 

1) application to metals and metal alloys of unconventionally large deformation SPD (Severe Plastic 

Deformation) [28], 

2) application of powder metallurgy, 

3) crystallization of amorphous materials (metallic glasses). 

The first of these methods resulted in the separation of a group of volumetric processes from metal forming, 

which are aimed at causing changes in the internal structure of the metal while minimizing changes in the 

overall dimensions of the processed material. A special position in the group of these processes is occupied 

by the ECAP (Equal Channel Angular Pressing) method, which consists in pressing the material through the 

angular channel. This method has limitations related to the shape of the processed material - slender and thin 

materials cannot be processed. It is also prone to friction problems - the surfaces of the processed materials 

must be very well lubricated. The development and modification of the ECAP method is the method of 

incremental squeezing through the angle channel I-ECAP (Incremental ECAP), which, supplemented by the 

rolling process, creates the I-ECAP-R method (see Figure 1). 

 

Figure 1 I-ECAP-R process 

In the I-ECAP-R process (Figure 1a) the input material - 3 is moved through the die input channel - 1, through 

the pusher - 2. The pusher introduces the material into the shear zone, which is under the punch - 4. 

Placing the material under the punch it does not take place continuously, but is cyclical. First, the pusher moves 

the material into the shear zone (Figure 1c). After the material is moved, the pusher supports the material and 

the punch moves down, cutting the given portion of material (Figure 1b). The efficiency and quality of the 

process depend on the stroke length of the follower. The magnitude of the pusher stroke must therefore be 

small enough for the plastic deformation regions to overlap. Such an overlay will allow to obtain a 

homogeneous structure of the processed material with a grain size below 1 µm [29]. The material used in the 

process, 1050 aluminium in a semi-hard condition with a thickness of 3 mm, requires the use of a pusher 

stroke of 0.6 mm. This value should be considered as limiting with regard to the device used. This implies a 

minimum thickness of the obtained plate preform, which is 3 mm. The production of the UFG structure requires 

8 material passes through the angular channel. The material on subsequent passes must be introduced into 

the die entry channel so that the shear planes intersect during the process, rather than being parallel. In order 
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to achieve such a system of shear planes, the load is rotated around its axis by 180 in successive passes 

(Figure 1d). The processes of microforming with the use of progressive methods and the production of 

preforms by the micro-blanking method require the use of sheets with a thickness not exceeding 1 mm. This 

is why the I-ECAP-R process was created. After the eighth pass, the material was cut into 8 mm wide strips 

and rolled successively. In the next passages (40x), the thickness was reduced by 0.05 mm. Ultimately, during 

the rolling process, the material thickness was reduced to 1 mm, which made it possible to obtain a strip with 

a length of approx. 300 mm. For comparison, 8 mm wide strips (along the direction of the rolling mill) were cut 

from the same 1050 3 mm thick aluminium sheet in a semi-hard state from which the 100 x 100 mm samples 

were cut for the I-ECAP-R process. They were then rolled using the same procedure as in the I-ECAP-R 

process. The tapes were 8 mm wide, 1 mm thick and approx. 300 mm long. 

3. TECHNOLOGICAL TESTS 

Two tests based on literture research [30] were designed for the analysis of the obtained tapes: 

1) Micro-Blanking with a blank holder - MB (see Figure 2a and Figure 2c) 

2) Micro-Tension-Extrusion - MTE with parameters enabling the occurrence of biaxial stretching of the free 

surface and tearing of the collar in conditions similar to the tensile test (see Figure 2b and Figure 2d). 

 

Figure 2 Technological tests; FEM - Equivalent strain distribution (a) MB, (b) MET; Tool design of: (c) MB, 

(d) MET, where 1 - blank holder, 2 - punch, 3 - die, 4 - strip 

3.1. Test Systems 

The experimental stand consists of 3 key parts. Namely the Hounswield 10NS testing machine, micro die set 

and computer. The diagrams of the die-sets used are shown in Figure 2c and Figure 2d. The force of the 

blank holder is exerted by the screws. Detailed descriptions of the devices can be found in previous works. 

The testing machine is equipped with force transducer (load cell) that needs to be connected to the computer 

to record readings. The press machine is capable of generating and recording a force in the range of 0 to 

10 kN with an accuracy of 0.01 N. The stroke length of the press machine is 400 mm and can be controlled to 

an accuracy of 1 µm.  

3.2. The Test procedure  

The samples for both tests have the same dimensions 7 x 1 x approx. 12 mm and are cut from the prepared 

tapes. In view of the planned SEM tests, the surfaces of the samples were carefully smoothed with a 

metallographic grinder. The process of thorough surface preparation resulted in a significant reduction in the 

thickness of the samples. Ultimately, the thickness of the specimens for MB and MET process is 0.8 mm and 

0.76 mm, respectively. The blank holder pressure was exerted by screws. Both tests are performed under the 

same kinematic conditions as allowed by the numerically controlled testing machine. Machine oil is used for 
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lubrication. During the test, the punch head moves down at 1 mm/min velocity. In case of MB the punch head 

stops right at the surface of the die, in case of MET it stops 0.2 mm below the die surface. During the whole 

process the force measurements are recorded using the computer and the software. Each trial was repeated 

at least three times. Shown in the Figure 3a and Figure 3f. The runs of forces are the runs determined as the 

average of 3 trials. 

4. RESEARCH RESULTS AND THEIR ANALYSIS 

As a result of the technological tests, records of the course of process forces and test micro-components were 

obtained, which were: in the case of MB, blanks, and in the case of MET, deformed samples. The obtained 

materials were analysed, as a result of which representative results were selected, the discussion of which is 

presented below.   

 

Figure 3 Tests results; Force flow: (a) MB, (f) MET; SEM MB: blanks overview: (b) UFG, (d) CG, fracture 

zone: (c) UFG, (e) CG; SEM MET samples overview: (g) UFG, (i) CG, fracture zone: (h) UFG, (j) CG 

In the MB process shown in the Figure 1a, maximum process force FUFG in point A is 16.5 % higher for UFG 

material than for CG material. It should also be noted that the point of maximum process force A in the case 

of UFG is shifted in the direction of punch movement by 26.7 % in relation to point B. This proves the later 

concentration of strains. On the other hand, the decrease in force in the final stage of the process is faster for 

UFG than for CG, the angle α of the segment c (in relation to the horizontal axis) is greater than the angle β of 

the segment d. This suggests faster development cracking phenomena in UFG material. In the blanking 

processes, a parameter that helps in the assessment of the material's tendency to fracture is the graph fill 

factor (1). 


 � � ����������� ����∙�                                                                                                                                                  (1) 

where: Fproc - process force (N), Fmax  maximum process force (N), g - sheet metal thickness (mm). 

The higher it is, the lower the material's tendency to crack. Under MB conditions for UFG material λUFG = 0.78, 

and for CG material, λCG = 0.65, and therefore λUFG > λCG, which suggests a greater tendency to cracking of 

UFG material than CG material. SEM analysis showed in both cases the presence of a fracture surface typical 

of bundle-type cracking. It is worth emphasizing that the material subjected to enormous plastic deformation 

by repeated shearing and rolling retained internal cohesion and remained a relatively ductile material - capable 

of further plastic deformation. 

In the MTE process shown in the Figure 3f, the maximum process force - point A for UFG material, is 24.7 % 

higher than the maximum process force for CG material - point B. Point A is shifted in the direction of punch 

movement by 4.7 % in relation to point B. This difference proves a slight increase in the stable plastic 

deformation capacity. Pay attention to this, see the Figure 2b - close out of FEM result, that in the final stage 

of the process, the flange that forms the material in the area between the die and the punch is uniaxially 

stretched. UFG material undergoes less severe constriction leading to loss of cohesion than CG material. 

This is evidenced by a slower decrease in force in the final phase of the process, α < β, and a longer segment 
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of this decrease c > d. It should be assumed that in the case of UFG material, the collar narrows relatively 

uniformly over the entire area, and the fracture occurs along the entire circumference. The CG material rapidly 

breaks only in part of the circumference, and then the canopy formed is folded back, which remains coherent 

in a small part of the circumference, as shown in Figure 3i. 

5. CONCLUSIONS 

The conducted exploratory studies on the adaptation of UFG materials produced by the I-ECAP-R method for 

use in microforming allow for the formulation of the following conclusions. 

The innovative I-ECAP-R hybrid process was implemented, enabling the production of ultra-fine-grained tapes 

intended for microforming. 

Two micro-processes were designed as technological tests of new UFG materials in the form of tapes: 

 Micro-blanking process with a blank holder - MB, 

 Micro-extrusion process with stretching - MTE. 

The usefulness of the designed tests for the evaluation of the deformability of UFG materials produced by the 

I-ECAP-R method was demonstrated. Based on the conducted research, it was found that the modification of 

the structure of 1050 aluminium in the semi-hard state by means of the I-ECAP-R increased the maximum 

forming force in the MB test and MTE test by 16.5 % and 24.7 %, respectively. It also reduced the tendency 

to locate deformations, as evidenced by the shift of the maximum forming force points in the direction of the 

punch displacement in the MB and MTE processes by 26.4 % and 4.7 %, respectively. 

SEM studies of the fracture surfaces did not show any significant differences in the nature of deformation 

processes ending with loss of cohesion. Both the UFG and CG material had similar structures corresponding 

to the bundle-type crack. 
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Abstract  

Method DRECE (Dual Rolls Equal Channel Extrusion) belongs to a perspective group of technologies utilizing 

the process of severe plastic deformations (SPD). Used for forming of metallic materials. On the newly 

developed forming device, unlike the rolling technology, the material is significantly strengthening after the 

forming process, while maintaining the initial strip sheet dimensions after the first pass through forming device. 

We want to achieve a significant increase in mechanical properties in as few passages as possible by the 

forming device, in particular increasing the yield strength Rp0.2 and the ultimate tensile strength Rm, while 

maintaining good formability. The above-described forming method was used to extrude of two types low 

carbon steel HC200AM and S235JR. The forming tool, according to the pre-performed experiments, was 

chosen with an inclination of 108° in the deformation zone. The mechanical properties obtained after first pass 

through the forming device from the tensile tests.  

Keywords: Severe plastic deformation process, DRECE method, HC200AM steel, S235JR steel, 

mechanical properties  

1. INTRODUCTION 

Ultra-fine-grained materials (UFG materials) were developed in a number of research projects. Research has 

found, that forming methods using severe plastic deformations process are very effective in the field of 

production of UFG materials. The SPD methods allow grain sizes of 100 to 200 nm to be achieved [1]. 

The resulting grain size can be affected by adjusting the forming parameters, for example by increasing the 

deformation pressure or by lowering the material temperature during forming [2]. The chemical composition of 

the formed material also has a significant effect on the resulting grain size [3]. The particle size of the grain 

mainly influences the degree of alloying of the formed material by interstitial atoms. Alloys formed by SPD 

methods achieve an increase in plasticity, strength or toughness. At UFG alloys also show effect superplasticity 

[4-6]. One of the new type of the severe plastic deformation method is called ECAP - Conform. This process 

usually consists of ECAP die and rotary pushing tool. The ECAP - Conform die consist of three important 

components. The rotating die, stationary die and the abutment. After insertion into the groove of the rotating 

die, the sample is pulled by the frictional force between the sample and the die until it hits the abutment. 

The ECAP- Conform tool is schematically shown in Figure 1. Another type of the severe plastic deformation 

method is called CECAP. The principle of the method consists in inserting a cylindrical sample into the inlet 

channel of the matrix. The deformation zone of the CECAP method consists of two parts. In the first part, the 

initial cylindrical metal is extruded to reduce its diameter (see Figure 2). The reduced sample reaches the end 

of the channel and is sufficient. Then the material is pressed into the angular channel to be laterally extruded. 
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The angular portion of the forming die provides the desired back pressure to compress the sample to increase 

its diameter to the initial state [8]. 

  

Figure 1 ECAP- Conform [7] Figure 2 CECAP [8] 

The paper verifies the mechanical properties of two types of low-carbon steels HC200AM and S235JR (used 

in the companies SteelTec.cz, s.r.o. and Kovona systém a.s.). The given steels will be formed by the DRECE 

(Dual Rolls Equal Channel Extrusion) method [9], which allows to achieve after the 1st pass through a special 

forming device a substantial increase in their mechanical properties, especially the yield strength Re while 

maintaining the required plasticity. The DRECE method, unlike the rolling process, preserves the original 

dimensions of the sheet metal strip, ie. there is no change in the thickness of the formed sheet metal strip. 

The effect of method DRECE on increasing the basic mechanical properties, especially yield strength Rp0.2, 

ultimate tensile strength Rm, ductility A80, determined by tensile test, was tested also from this perspective. 

The effectiveness of this method is evaluated by the use of different simulations [10]. The functionality of the 

forming device with a new DRECE method by the use of the SPD process has been verified, especially on 

non-ferrous metals and mild steels. 

2. DRECE METHOD AND INNOVATIVE FORMING EQUIPMENT 

Metallic strip with dimensions 58 x 2 x 1000 - 2000 mm (width x thickness x length) is inserted into the device. 

During the forming process the main cylinder in synergy with the pressure roller extrude the material through 

the forming tool without any change of cross section of the strip. In this way a significant refinement of grain is 

achieved by severe plastic deformation. This method is used for various types of metallic materials, non-ferrous 

metals and their alloys. The forming equipment is shown in Figure 3. 

 

Figure 3 Forming equipment for DRECE method 

Forming process is based on extrusion technology with zero reduction of thickness of the sheet metal with the 

ultimate aim - achieving a high degree of deformation in the formed material. Used DRECE method belongs 
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to the group of a progressive type of forming processes making use of severe plastic deformation (SPD). 

After this processing step in comparison with structure of conventional materials, the materials exhibit 

significantly higher mechanical values, especially yield stress and in limited extent also tensile strength.  

3. ANALYSIS OF SPD PROCESS INFLUENCE ON MECHANICAL PROPERTIES (CLASSIC TENSILE 

TESTS) 

Experimentally was carried out 1 pass of steel HC200AM (see Table 1) through the forming device. After pass, 

the obtained mechanical properties were evaluated - see Figure 4. 

Table 1 Chemical composition of HC200AM steel (in wt. %) 

C 
(%) 

Mn 
(%) 

Si 
(%) 

P 
(%) 

S 
(%) 

0.160 0.600 0.030 0.025 0.020 

 

  

 

 

Figure 4 Influence of SPD process on a mechanical properties of steel HC200AM 

a) Yield strength, b) Ultimate tensile strength, c) Ductility, d) Microhardness 
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On the basis of the results obtained from the tensile tests of steel HC200AM, it can be stated with respect to 

the initial state, that after the 1st pass the yield strength Rp0.2 is increased by 71 % and the ultimate tensile 

strength Rm by 14 % (see Figure 4a and Figure 4b). At the same time, there will be a slight decrease in the 

ductility by 14 % (see Figure 4c). As it is seen from the Figure 4 the yield strength and ultimate tensile strength 

after SPD processing are increased while the elongation A80 is decreased. The ductility value A80 = 26 % is 

sufficient after the one pass through forming tool. The development of microhardness in the width of the sheet 

metal strip from the steel HC200AM is shown in Figure 4d. 

Experimentally was carried out 1 pass of steel S235JR (see Table 2) through the forming device. After pass, 

the obtained mechanical properties were evaluated - see Figure 5. 

Table 2 Chemical composition of S235JR steel (in wt. %) 

C 
(%) 

Mn 
(%) 

P 
(%) 

S 
(%) 

N 
(%) 

Cu 
(%) 

0.170 1.400 0.035 0.035 0.012 0.550 

 

  

 

 

Figure 5 Influence of SPD process on a mechanical properties of steel S235JR 

a) Yield strength, b) Ultimate tensile strength, c) Ductility, d) Microhardness 
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On the basis of the results obtained from the tensile tests of steel S235JR, it can be stated with respect to the 

initial state, that after the 1st pass the yield strength Rp0.2 is increased by 33 % and the ultimate tensile strength 

Rm by 13 % (see Figure 5a and Figure 5b). At the same time, there will be a slight decrease in the ductility by 

19 %. As it is seen from the Figure 5 the yield strength and ultimate tensile strength after SPD processing are 

increased while the elongation A80 is decreased. The ductility value A80 = 15 % is sufficient after the one pass 

through forming tool. The development of microhardness in the width of the sheet metal strip from the steel 

S235JR is shown in Figure 5d. 

From the achieved results of the mechanical properties in the short tensile, it is obvious that according to the 

results achieved by the classic tests, the highest reinforcement in the sheet metal after the 1st pass through 

the forming tool occurs both in longitudinal, transverse and deflected directions. After the 1st pass, there is a 

large build-up of dislocations at the grain boundaries and thus to the intensive strengthening of the steel. At the 

same time, the ductility is reduced considerably. An important knowledge of industrial practice is the size of 

the steel strengthening after the first passes by the forming device, the achieved ductility value being sufficient 

for the further forming of the sheet. 

4. MICROSTRUCTURE ANALYSIS 

The microstructure analysis of steels HC200AM and S235JR showed a less pronounced effect of the SPD 

process on grain refinement. After the 1th pass through the forming tool, there is only very slight refinement of 

the structure (see Figure 6 and Figure 7). In the further course of the research, it seems appropriate to carry 

out a suitable heat treatment (structure refinement) on the 1th pass in order to reduce the increase in 

mechanical properties as the elongation value increases. 

  

a) initial state b) after 1th pass (longitudinal direction) 

Figure 6 Microstructure of the steel HC200AM 

  

a) initial state b) after 1th pass (longitudinal direction) 

Figure 7 Microstructure of the steel S235JR 
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5. CONCLUSION 

From the results of this experiment, the effect of the SPD process on the quality improvement of the HC200AM 

and S235JR steels is obvious. In particular, it is an increase of the yield strength while maintaining the desired 

formability after the 1st pass by the forming device. At the same time, there is a considerable reduction of the 

formability (ductility). A dislocation-reinforced structure was achieved. In terms of grain refinement, which is 

important to maintain the required ductility, it will be desirable to carry out a suitable inter-operative heat 

treatment. For the application of prototype equipment in industrial practice, the mechanical properties of the 

HC200AM and S235JR steels are very important. After the 1st pass through the forming device, the yield 

strength Rp0.2 is substantially increased, while maintaining the necessary ductility A80 required to further 

deformation of the sheet metal. The suitability of using the DRECE method to improve the quality of these 

steels on prototype forming equipment has been clearly demonstrated. 
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Abstract 

A sheet-forging process is proposed to form thin-walled structures with crossed-ribs. To solve the problem of 

grid distortion in finite element simulations, an element reconfiguration strategy that combines a stress-strain 

map solution and element reconstruction is applied, and typical samples with crossed-ribs are designed to 

verify the accuracy of simulation. Through the compression tests, the true stress-strain curves are achieved 

under different strain rates. By applying the FE method, the flow behavior of the materials is investigated, and 

the non-linear relationship between reduction amount and rib height is obtained. According to the plastic 

deformation behaviors, more uniform deformation in the later forming period leads to more material flowing 

into the rib grooves. 

Keywords: Sheet-forging process, crossed-ribs, plastic deformation behavior, element reconfiguration 

strategy, average grain size 

1. INTRODUCTION 

As the capability requirements of aerospace equipment increase, large-scale stiffened and thin-walled 

structures are widely employed on rockets and aircrafts for the purpose of reducing weight to improve flight 

distance while still maintaining the structure strength and stiffness. These complex structures have high-profile 

ribs and comparatively thin walls, which are difficult to machine. Sheet-forging technology has been proposed 

to manufacture these complex thin-walled structures. The sheet-forging process is designed to fabricate sheet 

material; it combines a forging method with sheet metal forming, and forging can well control the thickness and 

shape of the target structure [1,2]. This paper describes a sheet-forging process to produce thin-walled 

structures with complex ribs, which are widely used in aerospace. 

Until now, several plastic forming technologies have been used to form ribbed components, such as isothermal 

local loading forming [3,4], isothermal extrusion forming [5,6], and flow spinning [7,8]. Compared with precision 

casting technology, plastic forming technology can significantly increase the strength and toughness of 

components and improve the mechanical properties. 

In sheet-forging technology, a general sheet metal forming method is combined with a bulk metal forming 

process to form complex features out of sheet plane with bulk forming operations. Wang and Yoshikawa [1] 

proposed a new hot plate forging technique to produce a cup-like component, and by using finite element 

simulation and press forming tests, the process features have been investigated and verified. Schneider and 

Merklein [9] combined deep drawing with upsetting process to form tooth-like parts and proposed a FE model 

to analyze the forming history of the pre-drawn blank. Hua and Han [10] established a 3D FE model of cold 

rotary forging process which combines incremental metal forming with cold forging process by the Abaqus 

software, and the effects of processing parameters of cold rotary forging have been explored. Until now, using 
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sheet-forging technology to produce thin-walled structures with complex ribs has rarely been reported, and a 

large ratio of rib height to sheet thickness is difficult to achieve via conventional forming methods. 

In this paper, a new sheet-forging process is designed to integrally form thin-walled structures with more 

complex ribs, such as orthogonal ribs, oblique intersecting ribs and other various ribbed patterns. A sheet-

forging device is also proposed in this paper. Evaluating this new forming process is the primary goal of this 

work, and establishing a 2D elastic-plastic finite element model of this sheet-forging process is the secondary 

goal. The accuracy of the simulation method is verified via experiments involving forming crossed-rib features. 

2. DESIGN OF SHEET-FORGING EXPERIMENT 

One typical component with crossed-rib features is designed for the sheet-forging process, and this simple 

part contains only one orthogonal-rib feature, as seen in Figure 1a. In the experiments, to avoid the problem 

of detaching the finished forging workpieces from the conventional die, the entire die is divided into several 

parts (see Figure 1b). The dimensions of the original sheet are 50 x 50 x 7 mm: the target width and height of 

ribs are set to be 3 mm and 10 mm, and the radius of fillet is set to be 1.5 mm. However, in this experiment, 

the height of rib is not limited to 10 mm because we want to find the final forming limit of the height within the 

ultimate load range of the equipment. The experiments are carried out on a Komatsu servo press machine, 

and the maximum loading force is 300 t. The material used in the experiments is pure lead. The sheet-forging 

process of typical feature is carried out at room temperature, and oil production butter is used as lubricant 

during the experiment. Figure 1c shows the formed sample. It is obvious seen that the height of the deformed 

rib is not uniform; rather, it is higher in the middle region and lower on both sides. However, in the crossed-rib 

area, the height is relatively uniform. One reason for this difference in height is that the outermost materials of 

the workpiece have a greater tendency to extend along the in-plane direction than flow into the grooves in the 

out-of-plane direction. Another reason is that during the forming process, the material undergoes compression 

condition in the thickness direction and tension condition in the in-plane direction, so the formed ribs also 

extend along the in-plane direction. Due to gradients in the flow speed of material along the in-plane direction, 

which is larger in the outmost region and smaller but relatively uniform in the crossed-rib area, the height 

distribution of ribs shows a large gradient on all sides and is relatively uniform in the middle area. 

 

Figure 1 Producing of crossed-ribs: (a) Typical crossed-rib feature, (b) schematic diagrams of the forging 

die, (c) deformed sample after the forming process 

3. MATERIAL AND CHARACTERIZATIONS 

3.1. Material 

The material in this work is sampled from a 7.0 mm thick lead sheet, and the workpiece material is 99.994 % 

pure lead; it is chosen as a representative model material that can be deformed at room temperature and does 

not need large forming force. Cleaver and Allwood [11] have recently reported that the response of pure lead 

is similar to that of hot aluminum because the recrystallization of lead happens at room temperature, and strain 

and strain rate hardening also appears. For the purpose of numerical modeling, stress-strain curves were 
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obtained through uniaxial compression tests. Moreover, after the uniaxial compression tests, metallographic 

experiments were carried out to obtain the microstructure of the compressional metal. 

3.2. Uniaxial compression tests 

To explore the plastic behavior of pure lead sheet metal during the sheet-forging process, traditional 

compression tests and three-dimensional digital image correlation (DIC) with the GOM Aramis 4M System [12] 

were both carried out by using an Instron universal testing machine. According to the GB Standard (GB/T 

7314-2017), the compression test specimens were of initial diameter 7 mm and height 7 mm, and they were 

all sampled along the thickness direction of the sheet metal. The samples were tested at four true strain rates: 

0.01 /s, 0.1 /s, 0.2 /s and 0.4 /s. Cleaver and Allwood [13] have recently used a 0.05 mm thick PTEF sheet as 

compression testing lubrication between the specimen and the upper and lower die. Before each compression 

test, the PTEF sheets were all replaced. Christiansen et al. [14] have shown that this method can reduce the 

coefficient of friction to μ= 0.01 in their studies. 

 The true stress-strain curves of the standard compression 

tests are shown in Figure 2. The flow curves rise initially, 

and when the true strain reaches values between 0.2 and 

0.5, they level off. It is easy to find that all the material clearly 

softens after reaching peak values, and the flow stress 

reduces by 6.05 % when the strain rate is 0.01 /s. Schmidt 

and Haessner [15] have proved that the recrystallization 

temperature of pure lead is -80 °C, so it is likely that the 

dynamic recrystallization leads to the material softening. 

Figure 2 shows that the peak true stress value improves with 

increasing strain rate; this phenomenon verifies that the 

property of this material is strain rate dependent, and this 

visco-plasticity is similar to the characteristic of materials at 

high temperature. 

Since the true stress of pure lead gradually approaches saturation as the strain increases, the Voce equation 

[16] with the strain rate effect is suited to fit the experimental data. According to the Voce equation, here, the 

modified type is adopted, and the form of equation can be written as follows: 

�� � � � � 1 " exp�"&'�̅)                                                                                                                                                                         (1) 

where A, B, and m are material coefficients, the fitted values of material coefficients are recorded in Table 1. 

It is obvious that there is an exponential relationship between each material parameter and the strain rate, so 

the power law * � +,- was adopted to fit the data points; the fitting results are reported in Table 1. According 

to the results of identifying parameters, the final modified Voce equation expression with considering the 

influence of strain rate is shown in Equation (2): 

�� � 5.46'23.345 � 24.836'23.99 1 " exp�"5.20'2;3.<='�̅)                                                                                        (2) 

Table 1 Fitting parameters for Equation (1) 

Parameters 

Strain rate >2   
(/s) K 

(MPa) 
n 

0.01 0.1 0.2 0.4 

A 3.76 4.67 4.83 5.01 5.46 0.078 

B 14.49 19.87 21.16 21.80 24.83 0.11 

m 15.94 7.13 7.63 8.09 5.20 -0.24 

 

Figure 2 The true stress-strain curves 

of pure lead under uniaxial compression 
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4. SIMULATION 

In this study, the sheet-forging process of thin-walled structures with complex ribs is a complicated physical 

process of multifactor effects, so it is difficult to fully understand the forming mechanism of this new process 

only via experiments. The finite element method is used to analyze the plastic deformation behavior of 

proposed process, and the whole procedure is based on the ABAQUS 6.14/Standard environment. To simplify 

the FE model, we construct a 2D FE model that contains one crossed-rib feature, as shown in Figure 3. In this 

simulation model, the punch is seen as a discrete rigid body, and the die is also considered as a rigid body; 

the only deformable part is the pure lead sheet. To simplify the FE model and reduce the calculation time of 

the simulation, a symmetric simulation strategy is applied. Figure 3 shows the cycle of the simulation process: 

the whole process usually contains many cycles, and they must be continuous. The accuracy of the mapping 

technology depends on the quality of the mesh reconstructed in ANSA 16.0. Because large strain occurs at 

the fillets, and the material there is compressed and tensioned seriously, we focus on these areas and often 

use the same mesh density for the undeformed part to reconstruct the deformed component. Following this 

principle, we can effectively control the accuracy of the FE method. After remeshing in ANSA, we apply the 

reconstructed part to build a new FE model in Abaqus and then use Abaqus to output the inp file of this new 

model. Map solution technology is realized by adding code into this inp file, and then we submit this new job 

by using the Abaqus command window. If the preset total reduction is achieved, the simulation is completed. 

 

Figure 3 2D FE model of the proposed sheet-forging process and the procedures of the remeshing 

technology 

5. RESULTS AND DISCUSSION 

The numerical simulation results illustrate that the whole deformation region can be divided into four parts: 

rounded area, deformed rib area, upper region of the rib and the other compression area. According to the 

numerical simulation results, the reduction amount has a directly effect on the final height of the deformed rib, 

and within the maximum load of the equipment, the reduction amount of 3 mm is applied in the finite element 

simulation. The whole simulation process is based on the element reconfiguration strategy mentioned in 

section 4. According to the simulation results and experimental results, Figure 4a shows that simulation results 

match well with the experimental results, and the height of a single rib can reach 6.2 mm under a reduction 

amount of 3 mm. It can be seen from Figure 4a that the height of the rib is non-linearly increases as the 

reduction amount increases, and the growth rate of the rib height has a gradually increasing tendency. At the 

beginning of the process, a reduction amount of 1 mm can only cause the rib to grow by approximately 1.3 

mm, but during the last 0.5 mm of the forging process, the height of the rib increases by nearly 2 mm, as shown 

in Figure 4b. According to Figure 4b, the filling mechanism of the material changes with increased reduction 

amount. In addition, the beginning, a reduction amount of 0.5 mm can lead to the same amount of rib height. 

This result means that in this stage, the material undergoes a uniform compression process, and only the 

material directly above the rib groove flows into the rib groove. However, with increasing reduction amount, 

the same reduction can cause a higher rib, and the last 0.5 mm can result in more material flowing into the 

groove. 
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Figure 4 The rib high during deformation: (a) The growth of rib height in the sheet-forging process, 

(b) Incremental amount of rib height during the same reduction 

To analyze the flow rule in depth, different forming stages are extracted in Figure 5, where Abaqus uses the 

PEEQ to represent the equivalent plastic strain. An analysis of the simulation results shows that in Figure 5b, 

the plastic deformation of the material concentrates in the region around the fillet of the rib groove, and shearing 

deformation also occurs there in the initial forming stage. As the reduction amount increases, the PEEQ of the 

shearing deformation area also increases, and the shearing region extends from the rounded corners to the 

upper surface. Moreover, the distribution of PEEQ in shearing deformation area represents the intensity of 

material flowing along the shear zone. In the last forming stage, the distribution of PEEQ in the shearing 

deformation zone is rather uniform, which means that the flow of material occurs through the whole thickness 

of the sheet. Therefore, the rib height increases the most during the last 0.5 mm reduction of the forming 

process (see Figure 5f), and this phenomenon is consistent with the experimental results. 

 

Figure 5 Distribution of equivalent plastic strain under different reduction amounts: 

(a) 0 mm, (b) 1 mm, (c) 1.5 mm, (d) 2 mm, (e) 2.5 mm, (f) 3 mm 

6. CONCLUSION 

A new sheet-forging process is proposed to form thin-walled structures with complex ribs, and the plastic 

deformation behavior is revealed. In order to handle the grid distortion problem during the server plastic 

deformation process, an element reconfiguration strategy is applied in Abaqus, which combines map solution 

and element reconstruction methods, where the code of the map solution method is embedded in Abaqus and 
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can be called by implicit algorithms, and the simulation results are verified via typical sample forming 

experiments. From the simulation and experiment results, the rib height increases non-linearly with increasing 

reduction amount, and the growth of the ratio of the rib height to the sheet thickness is also non-linear. 

The simulation results show that more uniform deformation in the later forming period leads to more material 

flowing into the rib grooves. 
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Abstract 

The influence of initial soaking and parameters of hot plastic working on the substructure of the A-286 

superalloy have been presented. The research was performed on a torsion plastometer in the range of 

temperature 900 - 1150 °C, at a strain rates of 0.1 s-1 and 1.0 s-1. The structural inspections were performed 

on longitudinal microsections taken from plastometric samples after so-called “freezing”. The examination of 

the microstructure was carried out, using transmission electron microscopy (TEM). Direct measurements on 

the TEM micrographs allowed the calculation of substructural parameters: the mean subgrain area, and the 

mean dislocation density. An analysis of the examination results of the alloy substructure revealed dynamic 

recovery, recrystallization and repolygonization, occurring consecutively in the course of hot deformation. 

A detailed investigations has shown that substructure of alloy is inhomogeneous, consists of dense dislocation 

walls, subgrains and recrystallized regions. 

Keywords: A-286 superalloy, hot deformation, TEM, subgrains, dislocation density 

1. INTRODUCTION 

The behavior of metals and alloys during hot plastic working has a complex nature and it varies with the 

changing of such process parameters as: deformation, strain rate and temperature [1-3]. The high-temperature 

plastic deformation is coupled with dynamic recovery and recrystallization processes which influencing the 

microstructure and properties of steels and alloys. 

In the recent years, the constitutive equations describing hot plastic deformation processes have started to 

take into account the so-called internal variables determining the material condition. These variables include 

substructural parameters such as [4-6]: dislocation density, subgrain size, subgrain misorientation angle, 

recrystallized volume fraction and stacking fault energy (SFE). Taking those substructure parameters into 

consideration in calculations should enable the correct modeling of structural phenomena during hot plastic 

deformation and enhance the technological processes control for the purpose of obtaining the assumed 

structures of required properties [7-9]. 

In this work, the influence of initial soaking and parameters of hot plastic working on the subgrain and 

dislocation structure changes has been examined in a Fe-Ni superalloy of the A-286 type. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The examinations were performed on rolled bars, 16 mm in diameter, of an austenitic A-286 type superalloy. 

The chemical composition is given in Table 1. 
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Table 1 Chemical composition of the investigated A-286 superalloy 

Content of an element (wt. %) 

C Si Mn P S Cr Ni Mo V W Ti Al B N Fe 

0.05 0.56 1.25 0.026 0.016 14.3 24.5 1.35 0.32 0.10 1.88 0.16 0.007 0.0062 55.3 

The samples for investigations were made from rolled bars sections which were subjected to preheating, i.e. 
1100 °C / 2 h and 1150 °C / 2 h with subsequent cooling in water. Heat treatment of this type corresponds to 
the soaking parameters of the investigated superalloy before hot plastic processing [10-12]. The research on 
the alloy deformability was performed in a hot torsion test on a Setaram torsion plastometer 7 MNG. 
The plastometric tests were performed at constant strain rates of 0.1 s-1 and 1.0 s-1, with a testing temperature 
in the range 900 - 1150 °C. The tests were conducted until total fracture of the samples occurred.  

Structural inspections were performed on longitudinal microsections taken from the plastically deformed 
samples after so-called “freezing”, i.e. rapid cooling of the samples in water from the deformation temperature. 
The examination of the microstructure was carried out using transmission electron microscopy (TEM) with a 
Jeol JEM-100B. Direct measurements on the TEM micrographs allowed the calculation of the structural 

parameters: the mean subgrain area Ā (m2), and the mean dislocation density ρ (m-2).  

The mean subgrain areas were determined by a planimetric method with the help of a semi-automatic picture 
analyser of MOP AMO 3 type. The measurements were conducted on the TEM pictures. The analysed 
microsections of thin foils involved measurements of about 150 subgrains for each sample.  

The mean dislocation density was calculated by use of a method based on counting the inter-section points of 
a network superimposed over the micrograph with dislocation lines. The dislocation density ρ was defined for 
the thin foils according to the relation given by Klaar et al. [13] and Martin et al. [14]: 

t

lnlnx )//( 2211 
     [m-2] (1) 

where: x - the fraction of invisible dislocations with a Burgers vectors a/2<111> for the A1 lattice, l1(2)  - the total 

length of the horizontal (vertical) lattice lines, n1(2) - the number of intersections of the horizontal (vertical) lattice 
lines with dislocations, t - the thickness of foil. 

3. RESULTS AND DISCUSSION 

The A-286 superalloy in its initial state was characterized by an austenitic structure with an insignificant quanity 

of undisolved precipitates, i.e. TiC, Ti(C,N), TiN, Ti4C2S2, Ni2Si and MoB [15]. The mean dislocations density 

in the supersaturated material amounted to ρ = 4.88 × 1012 m-2 (after 1100 °C / 2 h) and ρ = 3.99 × 1012 m-2 

(after 1150 °C / 2 h). 

The results of the investigations of the alloy substructure after the deformation in a temperature range of 900 

- 1050 °C and a strain rate 0.1 s-1 and 1.0 s-1 are presented in Figures 1 - 9. The changes in alloy substructure 

were similar for both variants of initial soaking and were dependent on deformation temperature and strain rate. 

After deformation of samples at 900 - 950 °C and a strain rate of 0.1 s-1 and 1.0 s-1 the alloy structure appeared 

in the advanced stages of a dynamic recovery process (see Figure 1 and Figure 2). In the austenitic regions 

of high dislocation density a cellular dislocation structure was found togother with subgrains with various 

densities of dislocations (see Figure 1). In samples deformed at 950 °C and a rate of 1.0 s-1, nuclei of 

recrystallized grains were noticed in the subgrain matrix and the deformation microtwings appear (Figure 2). 

The alloy deformed within the temperature range of 1000 - 1050 °C is characterized by a microstructure typical 

of a dynamically recrystallized material (see Figure 3 and Figure 4). The austenite microstructure is composed 

predominantly of recrystallized grains free of dislocations (see Figure 3). Further perfecting of the substructure 

is observed in the neighbouring subgrains, as evidenced by equiaxiality of the subgrains and the decreasing 
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density of dislocations inside them (see Figure 4). It was found that a higher strain rate (1.0 s-1) leads to a 

growth of the subgrains and a reduction of the dislocation density. 

  

Figure 1 Substructure of the alloy after deformation 

at 900 °C / 0.1 s-1. Celluar dislocations and 

subgrains and recrystallized grains. Pre-soaking  

of the alloy: 1100 °C / 2 h 

Figure 2 Substructure of the alloy after deformation 

at 950 °C / 1.0 s-1. Subgrains structure and grains 

with microtwins. Pre-soaking of the alloy:  

1150 °C / 2 h 

  

Figure 3 Substructure of the alloy after deformation 

at 1000 °C / 0.1 s-1. Recrystallized grains with twins 

and subgrains. Pre-soaking of the alloy:  

1100 °C / 2 h 

Figure 4 Substructure of the alloy after deformation 

at 1050 °C / 1.0 s-1. The grains after dynamic 

recrystallization. Pre-soaking of the alloy:  

1150 °C / 2 h 

The growth of new grains in the dynamic recrystallization process proceeded through the coalescence of 

subgrains and their subsequent growth (see Figure 5). The bending of the grain boundary towards areas with 

a higher dislocation density indicates the direction of the boundary movement. The principal mechanism of the 

coalescence includes reactions between dislocations which lead to disappearance of the dislocation boundary 

and formation of grain from the combination of several neighboring subgrains. 

 

Figure 5 Substructure of the alloy after deformation at 1050 °C / 0.1 s-1. The recrystallized grain formation 

as a result of coalescence of subgrains. Pre-soaking of the alloy: 1150 °C / 2 h 
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At the highest deformation temperatures, in the range of 1100 - 1150 °C, a permanent process of 

reconstruction was observed in the alloy, named repolygonization (see Figure 6 and Figure 7). It comprised 

a new regrouping of dislocation with creation of new subgrain boundaries and partions of a polygonal type 

(see Figure 6). Deformation of the alloy at a higher rate of 1.0 s-1 was accompanied in the substructure by 

dislocation rearrangement with the formation of polygonal walls and a cellular substructure (see Figure 7). 

  

Figure 6 Substructure of the alloy after deformation 

at 1100 °C / 0.1 s-1. The effects of repoligonization in 

austenite subgrains. Pre-soaking of the alloy:  

1100 °C / 2 h 

Figure 7 Substructure of the alloy after deformation 

at 1100 °C / 1.0 s-1. Austenite repoligonization and  

a cellular dislocation structure. Pre-soaking of the 

alloy: 1150 °C / 2h 

The course of changes in mean subgrain sizes depending on the temperature deformation and strain rate for 

the two variants of initial soaking of the alloy is shown in Figure 8 and Figure 9. It was found that an increase 

in the alloy deformation temperature from 900 to 1150 °C results in a growth of the subgrains. 

  

Figure 8 The effect of temperature deformation and 

strain rate on the mean subgrain size. 

Pre-soaking of the alloy: 1100 °C / 2 h 

Figure 9 The effect of temperature deformation and 

strain rate on the mean subgrain size.  

Pre-soaking of the alloy: 1150 °C / 2 h 

However, no influence was observed of the conditions of initial soaking on the subgrain size. The mean area 

of the subgrain plane section Ā varied within the range from 1.0 μm2 to 7.8 μm2 for both variants of initial 

soaking. The influence of the strain rate on the subgrain size was more significant, in particular for the initial 

soaking at 1100 °C / 2 h (see Figure 8). More intensive changes in the subgrain size were observed at a low 

strain rate of 0.1 s-1, which can be explained by a higher cumulative deformation in the samples. 

The mean dislocation density depending on the deformation temperature and strain rate for the two variants 

of initial soaking of the alloy is shown in Figure 10 and Figure 11. An increase of the deformation temperature 

was accompanied by a decreasing dislocation density. No significant influence was found of the initial soaking 

parameters on the dislocation density. 
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Figure 10 The effect of temperature deformation  

and strain rate on the mean dislocation density.  

Pre-soaking of the alloy: 1100 °C / 2 h 

Figure 11 The effect of temperature deformation  

and strain rate on the mean dislocation density.  

Pre-soaking of the alloy: 1150 °C / 2 h 

For both variants of initial soaking, the mean dislocation density varied within narrow range from 0.8 × 1013 m-2 

to 2.5 × 1013 m-2. The gradual reduction in the dislocation density observed in the samples as the deformation 

temperature increased from 900 to 1150 °C shows a continuous process of substructure reconstruction and 

redeformation. For both variants of initial soaking of the alloy, higher dislocation densities were obtained for 

the lower strain rate (0.1 s-1), which can be explained by a higher cumulative deformation in the material. 

4. CONCLUSION 

The investigations into the influence of initial soaking and parameters of hot-working parameters on the 

substructure of austenitic the A-286 superalloy, revealed the subsequently occurring processes of dynamic 

recovery, recrystallization and repoligonization. None of discovered stages of alloy substructure transformation 

constitutes a self-contained process.  

A detailed investigations has shown that substructure of alloy is inhomogeneous, consists of dense dislocation 

walls, subgrains and recrystallized regions. The growth of new grains in the dynamic recrystallization process 

took place through coalescence of subgrains and their subsequent growth. The phenomenon of 

repolygonization in the austenite grains was observed at the highest deformation temperature (1100 - 1150 °C). 

The temperature of the process is an essential technological parameter, which has an influence on the size of 

the subgrains and dislocation density. The increase of the alloy deformation temperature led to a growth of the 

size of subgrains with a simultaneous decrease of their internal dislocations density. The influence of the strain 

rate of the alloy on the size of subgrains and dislocation density is complex and depends on the quantity of 

cumulated deformation in the material. 

For both variants of initial soaking of the alloy, the mean size of subgrains Ā increased from 1.0 μm2 to 7.8 μm2 

as the deformation temperature rose from 900 to 1150 °C. The mean dislocation density ρ decreased gradually 

in the range from 2.5×1013 m-2 to 0.8×1013 m-2 as the deformation temperature rose in the range of 900 - 1150 °C. 
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Abstract 

Owing to their exceptional combination of mechanical and physical properties, tungsten heavy alloys (THAs) 

are advantageous for demanding applications. The presented study focuses on analysing the effects of 

processing of THA bar by the cold rotary swaging method, particularly on investigating the effects of processing 

on residual stress within the swaged bar. The stress-state was predicted numerically using the finite element 

method (FEM) and the results were subsequently validated using data acquired experimentally via scanning 

electron microscopy (SEM-EBSD). As shown by the results, the predicted parameters corresponded well with 

the experimentally acquired data; by the effect of the swaging process, the effective imposed strain was the 

highest at the surface of the bar and decreased towards its axis, which corresponded to the distribution of 

microhardness, as well as the detected residual stress distribution. Nevertheless, the study focused on 

preliminary swaging experiment consisting of two swaging passes; the predicted results impart that the 

stress/strain gradient will diminish with continuing swaging. 

Keywords: Rotary swaging, numerical simulation, structure analysis, mechanical properties 

1. INTRODUCTION 

Tungsten heavy (pseudo) alloys (THA) are produced using powder metallurgy. Mixed metal powders of the 

prescribed size are isostatically pressed in various ways into rods. In the next step, the bars are sintered 

in a protective atmosphere (H, Ar, vacuum), in the temperature range 1000 - 1500 °C. Add other alloying 

elements with lower melting values (Ni, Co, Mo, Re) to the powder mixtures with lower melting point and better 

plastic properties, which creates a matrix around the tungsten grains during sintering by melting 

the boundaries. In this way, a homogeneous material is formed [1,2]. 

In our case, it is a pseudo-alloy W-Ni-Co. These alloys are characterized by their high tungsten content 

(min. 90 % by weight), which surrounds softer NiCo matrices. These alloys are sought after for their high 

strength (maximum strength up to 1900 MPa). THAs are widely used in industries as protection against harmful 

radiation or to block kinetic energy. The preferred use of THA is, for example, in medicine as a shields in the 

manufacture of therapeutic devices in oncology. Another use of THA is, for example, in aviation as 

a counterweight in aviation technology, or for the production of kinetic penetrators used by the military. 

These applications use a high density of THA (≈16 g/cm³) [3-5]. 

Rotary swaging (RS) seems to be a suitable technology for THA processing, which results from the already 

published issue [6-8]. Rotary swaging is an advantageous technology for the processing of solid semi-finished 

products or also for the production of hollow shaped parts. RS is used for processing difficult to process 

materials such as Ti, THA. It also enables the production of composite materials (Al / Cu) thanks to the 

advantageous stress distribution of forces during rotary swaging [9,10]. 

A number of publications have addressed the issue of stress states and deformation behaviour during MS. 

The works shows that the plastic flow during cold and hot rotary swaging differs significantly in its course. 
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In cold rotary swaging, it is evident that additional tangential stresses play an important role in the case of 

plastic flow and stress distribution in the material. Residual stress is a very important indicator of rotary 

swaging, which subsequently affects the mechanical properties of THA products. Publications on this topic are 

relatively rare because not enough attention has been paid to this issue [11,12]. 

This study is primarily focused on the analysis of stress states and residual stresses in cold swaged tungsten 

rods. In the first part we focus on stress prediction using finite element methods (FEM) simulation. 

The numerical simulation program FORGE NxT was used for this purpose. In the second part, we focus on 

the experimental verification of residual stresses in the material, which took place after processing the material 

using rotary swaging. 

2. MATERIAL AND METHODS 

In the first part we focus on FEM simulation of the process of rotary swaging of material performed cold way. 

In this way, the data of the designed rotary swaging process are verified. In the study we focus on the prediction 

of stress states in connection with the material flow. In the second part we focus on the real application of 

predicted rotary swaging (see Figure 1). The rotary swaging itself took place on a rotary swaging machine 

from the HMP company. 

 

Figure 1 Scheme of rotary swaging 

The FEM simulation of the rotary swaging was designed to predict the behaviour of the heavy tungsten alloy 

WNiCo. An elastic-viscoplastic model created by software was used to predict the deformation behaviour. 

The model is created on the basis of the stress-strain curve in THA tension. The model was determined by the 

Hensel - Spittel relation (see equation (1)), where ̇ (s-1) is the equivalent strain rate, ε (-) is the equivalent 

strain, T (K) is the temperature and A, m1, m2, m3, m4, m5, m7, m8, m9 are regression coefficients, whose values 

were as follows: A = 1447.00273, m1 = -0.009, m2 = 0.089, m3 = 0.0044, m4 = -0.0069, m5, m7, m8, m9 were 0. 

� � �‧ exp� &9‧?�‧?@A ‧'@B‧exp �@CD 	 ‧�1 � '�@E‧F‧exp�&4‧'�‧'2@G‧'2@H‧F         (1) 

The pseudo-alloy selected for the experiment was WNiCo, with a chemical composition of 90 wt. % W, 

7 wt. % Ni, 3 wt. % Co (determined by SEM-EDX analysis), was prepared from selected metal powders with 

a mean grain size of 2.78 µm. The process of preparation of pseudo-alloys takes place in steps: 1. mixing of 

powders, 2. isostatic cold pressing at 400 MPa and 3. sintering at 1525 °C for 20 minutes in a protective 

atmosphere (H) followed by controlled cooling in the furnace and final cooling in water (hardening). 

This preparation procedure was performed in Mabave s. r. o. 

Cold rotary swaging technology was used to process the semi-finished products. Rotary swaging took place 

in two steps, where the initial diameter (30 mm) of the material was slightly asymmetric and then swaged into 

a rod with a diameter of 20 mm. The bars on cross-sectional sections were subjected to scanning electron 
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microscopy (SEM-EBSD) after swaging, and we further focus on the development of the (sub) structure. EBSD 

analyses were performed in the subsurface sample area. 

3. RESULTS AND DISCUSSION 

3.1. FEM Analysis of rotary swaging 

Figure 2 shows the flow of material with a projected temperature field during cold rotary swaging. 

The simulation shows that the material flow is complicated during rotary swaging. It can be seen that 

the material flows in the direction of the rotary swaging throughout the process. The material flows most 

significantly when entering the reduction zone. It is steamy from the figure that the material flow in the reduction 

zone gradually changes. Towards the end of the reduction zone, we see a visible rotation around the material 

axis. This phenomenon is caused by the tangential component of the plastic flow and also indicates 

the formation of a rigid end in this area, which significantly affects the material flow. In the part where 

the material is already behind the working part of the dies, it is evident from the vector arrangement that 

the material tends to bend in these places. The figure also shows how much heating due to deformation heat 

occurs during cold rotary swaging. 

 

Figure 2 Temperature field in the longitudinal direction 

In Figure 3a) a stress state is shown, which takes into account both normal and shear stresses in the material 

during rotary swaging. Compressive stresses dominate in the surface layers. This phenomenon is mainly 

caused by friction between the anvils and the material. In this subsurface layer, the material flow is lower due 

to the lower plasticity. This area is thus rather a carrier of plastic deformation towards the centre of the semi-

finished product. This leads to compressive stresses. Compressive stresses are manifested in the subsurface 

areas, which causes better conditions for the flow of material. These tensile stresses show that the greatest 

movement of material occurs in these places. The compressive stress is displayed again in the centre 

of the material. These compressive stresses result from the nature of the material flow during rotary swaging. 

There is not enough deformation in the central area and the material does not have enough energy to flow. 

A significant part of the plastic flow is realized in the subsurface layers. Therefore, the axial regions of the 

sample are characterized by the compressive character of the stress. 

In Figure 3b) the main normal tensile stresses are shown. The Figure 3b) shows that the tensile stresses are 

concentrated in the sub-surface area. Figure 3c) shows the main normal compressive stresses. In this view, 

the effect of compression in the middle and surface area of the material is significantly manifested. 
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The resulting Figure 3d) is an intersection of Figure 3b) and Figure 3c) it follows that the normal compressive 

stresses are only slightly suppressed by tensile stresses in the central region. 

  

a) Stress tensor b) 1st Principal stress tensor 

  

c) 3rd Principal stress tensor d) 2nd Principal stress tensor 

Figure 3 Stress state in the cross section of cold swaged material 

It follows from this distribution of tensile and compressive stresses (see Figure 3) that the stress state during 

cold forging of the material has a rather compressive character in most of the cross-sections. Thus, this 

character indicates that the material does not have sufficient energy to flow. This is caused by the high 

deformation resistance, which results in a significant strengthening of the material. 

3.2. Structural analysis and residual stress 

Figure 4a) shows the state after sintering, where large spherical tungsten grains are surrounded by a softer 

NiCo matrix. This matrix ensures the integrity of the material as well as its plastic properties. Figure 4b) and 

Figure 4c) shows the structural state after cold rotary swaging. In Figure 4b) shows a subsurface area where 

a higher penetration of deformation occurs. This phenomenon is evident from the deformation of the matrix 

and the slight deformation of the tungsten grains. In many areas, the matrix is deformed so that the tungsten 
grains appear to touch. In Figure 4c) the centre of the sample is shown and it is steamy that there is no such 

significant penetration of deformation. The deformation is concentrated in the NiCo matrix region at this point. 

Therefore, we see almost no deformed tungsten grains at this point. 
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a) sintered state (SEM) b) swaged state - subsurface (SEM) 

  

c) swaged state - centre (SEM) d) internal grains orientations in axial region of 
swaged material (SEM-EBSD) 

Figure 4 SEM structure of swaged alloy and SEM-EBSD swaged alloy 

Figure 4d) shows the orientation of the grains in the surface area of the material. This orientation shows us 

in which places there will be residual stress. In the red areas, the tungsten grains are most mis-oriented and 

touch each other. They do not have space to relax in these places. The result is the highest residual stress. 

The blue areas largely correspond to the arrangement of the matrix in the material, or to areas with a very 

similar grain orientation. In these places there is the lowest residual stress, because the tungsten grains eat 

space for relaxation. During deformation, the mis-orientation of the grains decreases due to deformation and 

in this way residual stress is created in the material. This development of stress is characteristic of the 

deformation behaviour during the rotary swaging. 

4. CONCLUSIONS 

In rotary swaging, the material flow is very complicated. The phenomenon of the existence of a rigid end is 

significantly manifested here, which is significantly manifested in the front part of the material during real rotary 

swaging and causes bending of the material. The stress in the material during cold rotary swaging is 
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characterized in most of the cross-section by a compressive character. The flow of material during cold rotary 

swaging is not so significant, which is characterized by a lower proportion of tensile stresses across the cross 

section. The temperature distribution in the material according to the results from FEM indicates a significant 

increase in the temperature of the material due to the heat of deformation. Structural analyses confirm the 

occurrence of additional shear stresses in the material in the subsurface layer. The structure is more deformed 

compared to the central areas. There is no such significant deformation in the central area. The deformation 

in these areas is concentrated in the matrix area. 
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Abstract 

In the last three decades, equal channel angular pressing (ECAP) process is used for extreme microstructural 

refinement of the metal materials which leads to improvement of the mechanical and physical properties. Using 

ECAP method significant strains can be imposed into the material. However, for practical use, homogeneous 

distribution of the strain is very important. Usually, ECAP processing routes are applied to distribute strain 

homogeneously inside processed workpiece. In this research 3D finite element simulations analysis was used 

to investigate the influence of four main ECAP processing routes and in total four ECAP passes on strain 

homogeneity distribution through workpiece volume and selected cross-sections. Simulations results after four 

ECAP passes indicated that strain homogeneity through whole workpiece volume was highest for route A and 

lowest for route C. However, at cross-section 30 mm from the workpiece back end, route C and Bc provided 

the highest strain homogeneity. Results indicated that route C and Bc are more adequate if only a 

homogeneous part of the workpiece material will be used in a possible application. However, if the aim is to 

use the whole workpiece material volume, route A is more appropriate. This was achieved because route A is 

more efficient in deformation of the workpiece back end at channel intersection which was indicated with strain 

inhomogeneity index for the cross-section 5mm apart from the workpiece back end.  

Keywords: Finite element simulation, ECAP process, aluminium, ECAP routes, strain homogeneity 

1. INTRODUCTION 

In the last three decades, severe plastic deformation methods (SPD) are developed to produce bulk 

nanostructured or ultrafine grained materials with a unique combination of mechanical and physical properties 

[1,2]. One of the most popular severe plastic deformation methods is equal channel angular pressing (ECAP). 

The main reasons for ECAP wide experimental studies and application are the possibility of processing fairly 

large billets, relatively simple procedure, preservation of initial cross-section, reasonable homogeneity through 

most of the pressed billet, and potential for use in commercial metal processing procedures [3]. Due to the 

complexity of SPD processing and the specificity of material behaviour at the extremely large strains involved, 

analytical and computational studies have been indispensable for process design, parameter optimization, and 

the prediction of the microstructures and properties of the ultrafine grained materials produced [2]. The finite 

element method (FEM) is one of the most important numerical methods that can be used to explain the 

deformation process during the ECAP [4]. Both 2D and 3D simulations were used to investigate the influence 

factor on strain homogeneity during ECAP process. It is very important to investigate the material flow during 

this process, because inhomogeneous strain distributions induced during each billet pass might cause certain 

heterogeneity in the final microstructure and thus heterogeneity in the mechanical properties of the produced 

samples [5-8]. Sue et al. indicated that 3D FEM simulation should be used for strain homogeneity description 

due to the important friction influence on strain distribution in three section planes [9]. Li et al. performed a 

detailed study in which the influence of the die geometry parameters, the friction conditions, and the material 
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model was analysed. They compared predictions obtained by the elastic-perfectly plastic and by the non-linear 

strain hardening material model and according to their observations the non-linear hardening model results in 

strain distributions that are more inhomogeneous. Furthermore, they investigated the friction coefficient values 

in range μ = 0 - 0.15 and concluded that an increase of the friction coefficient, strain hardening and outer die 

angle result in a certain increase of strain inhomogeneity if no corner gap is formed [10]. Tool geometry is also 

influential on strain homogeneity. Several numerical studies indicated that rather inhomogeneous strain 

distributions are obtained for greater values of the outer die angle ψ. For instance, for such geometries and 

frictionless conditions, Suh et al. obtained extremely inhomogeneous distributions while using a perfectly 

plastic material model [8]. Mendes Filho et al. analysed tool geometries with outer corner angle the in range 

ψ = 0° - 60° while keeping the die angle φ =120° constant and also concluded that for greater ψ homogeneity  

decreases [11]. Djavanroodi et al. showed in their research that a lower magnitude of effective strain has been 

achieved for larger die channel angle φ however better strain homogeneity distribution has been obtained [12]. 

To investigate the influence of ECAP processing routes 3D FEM simulation must be used. Mahallawya et al. 

used 3D FEM simulations to investigate the influence of routes A and Bc for a total of eight passes on strain 

homogeneity for the selected transverse cross-section. The homogeneity of deformation indicated by 

microhardness and by FEM results was higher for route A compared with route Bc and increases with the 

number of ECAP passes. The homogeneity in route A was higher than that in route Bc by 10 % after 2 passes 

up to 8 passes [4]. Experimental research of the ECAP routes was also done. It was showed that route Bc out 

of four different routes produces samples with maximum hardness and reasonably equiaxed microstructure 

after 5 passes across selected plain perpendicular to the extrusion axis [13]. In route Bc, because of continuous 

shearing on the three crystallographic planes, the sub-grain boundaries evolve most rapidly into high angle 

grain boundaries. In route Bc, the two shearing directions lie on planes intersected at 120°. As a result of this 

duality in the shearing directions, sub-grain bands are developed on repetitive pressings along two separate 

and intersecting sets of planes and this leads to an evolution of high angle grain boundary which is reasonably 

equiaxed [13]. In this paper, 3D FEM simulations were used to determine strain inhomogeneity index for whole 

sample volume and for selected cross-sections. In previous experimental and simulation researches, authors 

usually investigated strain homogeneity for selected cross-sections. However, for practical use seems very 

important to determine strain homogeneity for whole processed material volume and at influence cross-section, 

both at „usable“ part of the workpiece, but also at the workpiece back end. Furthermore, to simulate more 

realistic ECAP process, in this research samples were trimmed after each pass, rotated, and placed back into 

ECAP die according to each processing route. 

2. 3D FINITE ELEMENT SIMULATION 

To study the distribution and homogeneity of the strain accumulated in the specimen made of EN AW 6082 

aluminium alloy during ECAP processing, viscoplastic 3D finite element simulation was used. Simulation of 

the adiabatic isothermal ECAP process was conducted using commercial software QForm. The workpiece was 

meshed into 20784 4 nodes tetrahedral finite elements, which is considered sufficient relative to the work 

volume or even higher than those used in previous works of 2D or 3D FEM simulations [14]. The mesh was 

automatically re-meshed if the elements became too distorted during the forming process simulations, which 

provide a great advantage in simulations of the severe plastic deformation processes. Aluminium alloy 

workpiece was considered as isotropic material. Flow stress curves for aluminium alloy EN AW 6082 were 

available in the QForm commercial software database. The main aim was to investigate the influence of four 

main ECAP processing routes and four ECAP passes on strain homogeneity distribution through samples 

whole volume and for cross-sections 5mm and 30mm apart from back end, Figure 1a). To simulate ECAP 

processing routes 3D FEM must be used due to the requirements for sample rotation. ECAP geometry was 

designed in SolidWorks computer software. Designed ECAP die channels had 15.3 mm diameter and they 

intersected at 90° angle. Outer angle was defined with 3 mm radius, Figure 1a). According to the analytic 

expression provided by Iwahashi et al. this tool should be capable to introduce 1.09 equivalent plastic strain in 
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ideal conditions [15]. The 3D die and punch are rigid and non-deformable structures. Used punch speed was 

1 mm/s. The workpiece was 80 mm in height and 15 in diameter, Figure 1b). To simulate realistic ECAP 

process, after each ECAP pass samples were trimmed on 15 mm diameter. In realistic condition, the turning 

process is usually necessary to put samples back in the ECAP tool for a second pass. Because of the turning 

process, some of the workpiece volume is lost and workpiece is smaller for the subsequent pass. This change 

of the workpiece volume and length after each pass certainly influence plastic strain distribution. To achieve 

realistic results each simulation of the sample pass was set to perform in different operation, where 3D 

workpiece with simulation results was taken from previous pass, trimmed, rotated according to the selected 

route and finally placed back into ECAP die for the second pass. To prevent samples self-rotation due to the 

ECAP die outer angle radius, small front part of each sample after each pass at same position also was 

trimmed. 

 

Figure 1 a) ECAP sample after the first pass and selected cross-sections for strain inhomogeneity index 

determination b) meshed workpiece inside ECAP die 

Furthermore, friction is an important factor in ECAP process 3D simulation analysis. Balasundar et al. indicated 

that the predictions of the shear friction model are correct and hence shear friction model should be used 

instead of the Coulomb friction model to evaluate the effect of friction in the ECAP process [6]. Li et al. 

suggested a maximum allowable limit of the friction coefficient of 0.2 to complete the FEM simulations of ECAP 

with the formation of a reasonable steady-state zone and a good degree of deformation homogeneity [10]. 

Several authors suggested using a 0.12 friction coefficient for room temperature ECAP and aluminium alloy 

workpiece [14,16]. Furthermore, friction coefficient value of 0.15 and Levanov model (combined model) is 

recommended for cold forming of the aluminium alloy in a steel die in QForm software. Therefore, in this paper 

combined Levanov friction model was used and according to the previous investigation friction coefficient of 

value 0.12 was selected. The strain inhomogeneity index was described as follows:  

IJ �  LM NOP 'Q̅
�PR 'Q̅  (1) 

where LM NOP 'Q̅ and �PR 'Q̅ are the standard deviation and average value of the effective plastic strain, 

respectively. The lower value for strain inhomogeneity index means that better strain distribution uniformity for 

the ECAPed sample.  

3. RESULTS AND DISCUSSION 

According to the simulation results effective plastic strain after one ECAP pass for cross-section 30mm apart 

from the back end was determined to be average 1.19 which is fairly similar to the analytical expression 

proposed by Iwahashi et al. [15]. Some higher values of the effective plastic strain were due to the friction 

influence. The front and end zones of the workpiece (about 20 % of the billet volume) are usually considered 

not suitable for further use, and it is a major source of material waste [5]. In the previous papers, simulation 
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results were usually presented for selected cross-sections due to above mentioned undeformed zones. In this 

paper, for each ECAP pass and route, strain inhomogeneity index was determined for: whole sample volume, 

and cross-sections 5 mm and 30 mm apart from the workpiece back end, Figure 2. Cross-section at 5 mm 

was selected to determine strain inhomogeneity index in sample back end zone. Cross-section at 30 mm was 

selected to investigate strain homogeneity in the sample central part.  

 

Figure 2 Strain inhomogeneity index values for four ECAP routes and passes: a) sample volume b) cross-

section 30 mm apart from the workpiece back end c) cross-section 5 mm apart from the workpiece back end 

According to the results presented in Figure 2a), strain homogeneity through whole sample volume is 

significantly improved for all four ECAP routes after four ECAP passes. Furthermore, it seems that routes A 

and Ba are more adequate to achieve a lower strain inhomogeneity index through sample volume than routes 

C and Bc. Lowest to highest strain inhomogeneity index achieved in the following order: route A, route Ba, 

route Bc and finally route C. However, for cross-sections 30 mm from workpiece back end beginning, route C 

and Bc have lower inhomogeneity index compared with route Ba and especially route A, Figure 2b). For cross-

section at 30 mm for route A and Ba strain inhomogeneity index even increases with the third ECAP pass. 

Results indicated that route C and Bc are more adequate if only a homogeneous part of the workpiece material 

will be used in the possible application. However, if the aim is to use the whole workpiece material volume, 

route A is much more appropriate for four ECAP pass. This was achieved because route A is more efficient in 

deformation of the workpiece back end at channels intersection which was indicated with strain inhomogeneity 

index at cross-section 5 mm apart from the workpiece back end, Figure 2c). Figure 3 shows effective plastic 

strain distribution after 4 ECAP passes for route A (Figure 3a)) and route Bc (Figure 3b)). According to 

Figure 3a), effective plastic strain for route A and cross-section at 5 mm has much higher values and 

homogeneous distribution than route Bc and same cross-section, Figure 3b). These small values of the 

effective plastic strain caused increased strain inhomogeneity index when whole sample volume and cross-

section at 5 mm were observed, Figures 2a) and 2c). According to Figure 3a), effective plastic strain for the 

route A and cross-section at 30 mm was inhomogeneously distributed compared with the route Bc and the 

same cross-section, Figure 3b). This was also confirmed with strain inhomogeneity index for 30 mm cross-

sections, Figure 2b). Figure 3 indicates that for route Bc (very similar was determined for the route C) 

workpiece back end must be discarded (the front end was already trimmed as explained in section 2). 

Therefore for practical use of the ECAP processed material usable part of the workpiece should be carefully 
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defined and determined. The route A is capable to produce more deformed ECAP workpiece back end but 

inhomogeneously deformed sample central part. If the route A is used the whole sample can be used for the 

possible application, however with workpiece material deformed with effective plastic strain in the range from 

3 to 5.15 (mean value is 4.35) after four ECAP passes for cross-section at 30 mm. If routes Bc and C are used, 

then a very homogeneous central part of the ECAP workpiece can be produced with achieved effective plastic 

deformation in a range from 4.3 to 5.16 (mean values is 4.8) for cross-section at 30 mm. In that case sample 

back end must be discarded. Therefore, all routes have some advantages, and their selection must be 

according to possible application.  

 

Figure 3 Effective plastic strain distribution after 4 ECAP passes: a) route A cross-sections (longitudinal, 5 

mm, 30 mm) b) route Bc cross-sections (longitudinal, 5 mm, 30 mm) 

According to the previous experimental research it was showed that grain flow in ECAP can be associated 

with routes A, Ba, Bc, and C concerning the plastic deformation in three crystallographic planes X, Y, and Z. 

In route Bc continuous deformation occurs in all three planes and the strain path gets reversed in the 

successive passes which can cause effective strain homogenization. The reversal of the strain path enables 

easy formation of shear bands and therefore the grain evolution in all three planes is uniform. On the other 

hand route A has continuous shearing in X and Y planes but no deformation in the Z plane [13].  

4. CONCLUSION 

According to this research, it was indicated that the distribution and value of the effective plastic strain imposed 

into ECAP workpiece material strongly depend on ECAP processing routes and the number of passes. This 

3D FEM simulation approach provided insight about induced plastic strain into workpiece material when 

different ECAP routes and four ECAP passes were applied. Simulations results can be used for practical ECAP 

process utilization. Results indicated that route C and Bc are more adequate if only a homogeneous part of 

the workpiece material will be used in a possible application. However, if the aim is to use the whole workpiece 

material volume, route A is more appropriate. For future work and before results application, simulation results 

verification with experimental work is suggested. 
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Abstract 

In engineering practice, there are cases where it is necessary to design a suitable technology 

for the production of a small number of pieces of parts to achieve a minimum price of one piece 

of a manufactured part. The paper describes the development of a low-cost drawing tool for the production 

of a small number of pieces of cover stampings from 2 mm thick sheet metal from DC04 steel. The most 

economically advantageous solution was to use a press brake, in the working part of which a simple drawing 

tool is clamped. The shape of the blank was designed for the cover stamping. The simulation of the drawing 

process using the CAE program using FEM made it possible to analyze the drawability of the cover stamping 

using the forming limit diagram of the used sheet and also to analyze the places with the greatest thinning and 

the risk of cracking. A designed low-cost drawing tool was made. The production of test blanks for drawing 

the cover stamping was performed by laser beam cutting. The subsequent drawing of test pieces of stampings 

verified the applicability of the proposed low-cost drawing tool on a press brake. The possibility of drawing 

intricate shape stampings using a drawing tool attached to the working part of the press brake was verified. 

Keywords: Drawing, tool, stamping, press, numerical simulation 

1. INTRODUCTION 

In engineering practice, there are cases where it is necessary to design a suitable technology 

for the production of a small number of pieces of parts so to achieve a minimum price of one piece of 

manufactured part. In some cases, after selecting a suitable method of production, it is necessary to adjust the 

shape or even the properties of the component so that it is easier to manufacture with the chosen method of 

production while maintaining the required utility properties. 

For the production of deep or intricate shape stampings, it is necessary to choose deep-drawn steel with good 

formability [1,2,3]. The most frequently used material in the Czech Republic is tempered steel DC04, which is 

produced by continuous casting [4]. The use of high-strength steel [5] is important, for example, in the 

manufacture of bodies where low weight is desired. In some applications, the mechanical properties of sheets 

can be increased, for example, by the unconventional forming method DRECE (Dual Rolls Equal Channel 

Extrusion) [6]. Proper registration and identification of metallurgical materials are important in a manufacturing 

company [7]. 

When designing a drawing tool, it is appropriate to verify its functionality before its production by simulations 

of the drawing process [8], while the properties of the formed material are characterized by its diagram 

of ultimate deformations [9]. It is necessary to design a suitable shape of the blank, dimensions and material 

of the semi-finished product and the method of its division. For stampings of larger dimensions, the law 

of similarity can be used in simulations of the forming process [10]. The method of deformation networks can 

be used for the analysis of the material flow in the drawing process [11]. 

With a low number of stampings, it is not appropriate to choose a standard process of progressive pressing 

due to the high cost of production of the process tool. In these cases, the development of a low-cost drawing 

tool for the production of a small number of pieces of stampings is an economically suitable solution. 
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2. COVER STAMPING 

Figure 1 shows the dimensions of the cover stamping with two technological holes on the sides of the central 

hole and its manufactured model is shown. 

 

Figure 1 Dimensions and model of the cover stamping with two technological holes  

on the sides of the central hole 

3. DESIGN OF TECHNOLOGICAL PROCEDURE FOR STAMPING PRODUCTION 

Due to the low number of stampings, it was not appropriate to choose the standard technology of progressive 

pressing due to the high cost of production of the progressive tool. As an economically suitable solution, the 

drawing of a complex shape with the aid of a tool mounted in the working part of the press brake was chosen. 

For the production of a complex shape of the cover, a deep-drawn steel DC04 (11 305.21) with a thickness 

of 2 mm in the form of sheets was chosen concerning the small number of produced pieces. 

The choice of a suitable press brake was given by the client's machine park. The DARLEY EHP 80 CL CNC 

hydraulic press brake was chosen. 

4. CREATION OF STAMPING MODEL AND BLANK TO DRAW IT 

A stamping model was created in Autodesk Inventor according to the production drawing of the cover provided 

by the client (Figure 1). Two side technological holes with a diameter of 12 mm were designed by the authors 

to hold the blank in the drawing tool at the beginning and in the drawing process. Their existence has been 

approved by the contracting authority because they do not affect the function of the product. The central hole 

with a diameter of 26 mm (Figure 1) will be made in the operation following the drawing, thus obtaining greater 

accuracy of its dimensions than if it had already been made in the blank before drawing. Furthermore, 

the shape of the blank was generated using the BSE module in the Dynaform program (Figure 2). 

5. DESIGN OF A LOW-COST DRAWING TOOL FOR A PRESS BRAKE 

Due to the low number of required housing stampings, it was not appropriate to choose the standard 

technology of progressive pressing due to high production costs. The most economically advantageous 

solution was to use a press brake, in the working part of which a simple drawing tool is clamped. The tool 

clamping system is approximately the same for all CNC press brakes. The design of the drawing tool for 

drawing an intricate shape stamping was based on the original WILLA clamping system (Figure 3). 

This involves clamping the upper press brakes in the ram of the press brake using pins. 
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Figure 2 The shape of the blank for drawing the cover stamping 

determined using the BSE module in the Dynaform program 

Figure 3 Clamping system of the 

upper bending bar [12] 

The designed drawing tool (Figures 4-6) consists of a punch 1, a die 4, two guide pins of the die 5 and two 

positioning pins 3 for precise positioning of the blank. The clamping of punch 1 to the ram of the press brake 

is the same as the clamping of the upper press bar, the clamping of the die 4 to the press table is the same as 

the clamping of the lower part of the bending tool. Position 2 in Figure 4 indicates the stamping. 

  

Figure 4 Designed drawing tool 

for the production of cover 

stampings 

Figure 5 Drawbar model for the 

production of cover stampings 
Figure 6 Punch model with two 

locating pins and final cover 

stamping model 

The procedure for positioning the drawing tool in the press brake is as follows: The punch is inserted into 

the lower fixed bed (fixed part) of the press brake, using its lower clamping part. The die is inserted into the ram 

of the press brake, while its correct position is ensured by the guide pins. Subsequently, empty, ie without 

a blank, is lowered by the ram of the press with the drawing die directly onto the punch, which is then clamped 

in the lower bed using side screws. In this way, the tool is precisely positioned, clamped and ready to drawing 

the stampings. 

6. NUMERICAL SIMULATION OF THE DRAWING PROCESS 

To check the design of the working parts of the drawing tool for drawing the cover stamping, a simulation 

of the sheet metal drawing process was performed in the Dynaform program. 
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Since the aim of the analysis was to check the design of the working parts of the drawing tool for drawing 

the cover stamping, the mechanical and plastic properties of the formed material were taken from the library 

of materials available in the Dynaform program. 

During the numerical simulation, the Krupkowski reinforcement model was used, which is suitable for the 

description of the hardening of the material of deep-drawn steel sheets: 

� = K · (φ0 + φ)n (1) 

where: 

σ - the real stress (MPa), 

K - the strength coefficient (MPa), 

φ0 - the elastic real logarithmic deformation (-), 

φ - the plastic real logarithmic deformation (-), 

n - the strain-hardening coefficient (-). 

These values were used in the simulations in Dynaform: φ0 = 0.007848, K = 586.3 MPa, n = 0.2474. 

During the simulations, the following input parameters were set: finite element meshes size 4 mm, chord 

deviation 0.07 mm, shear friction coefficient 0.15, yield temperature 20 °C, initial sheet thickness 2 mm. 

In critical areas of the stamping, where there are large plastic deformations, Dynaform automatically densified 

the network during the calculation. A simulation of the process of drawing from the blank (Figure 2) was 

performed and subsequently, the separate analyzes were displayed in the postprocessor. 

7. SIMULATION RESULTS 

After simulating the drawing process in the Dynaform program, an analysis of the compressibility of the cover 
stamping was performed using a forming limit diagram of the sheet used (Figure 7). From this analysis, it is 

evident that the maximum values of deformations are in four symmetrical places above the rounded transition 

to the vertical wall of the stamping near its upper rounded corners. 

 

 
Figure 7 Analysis of the drawability of the cover stamping using the forming limit diagram of the used 

DC04 low carbon steel sheet 

For the given material the analysis of the material thickness after drawing of the stamping (Figure 8), analysis 

of the material flow of the blank during drawing, analysis of the stress in the stamping during drawing and 

analysis of the material flow through the deformation network of circles with a selected diameter of 4 mm 

(Figure 9) were carried out. 
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Figure 8 Material thickness analysis after drawing 

of the cover stamping 

Figure 9 Analysis of material flow through 

a deformation network with a marked area 

of maximum deformation 

From the analysis of the thickness of the material after drawing (Figure 8) it is evident that its greatest thinning 

occurs in four symmetrical places above the rounded transition to the vertical wall of the stamping near its 

upper rounded corners - in these places the thickness is 1.1 mm after drawing. The highest value of the main 

stress was in the same places. Analysis of the material flow through the deformation network (Figure 9) made 

it possible to identify the places of maximum plastic deformation on the stamping - in four symmetrical places 

above the rounded transition to the vertical wall of the stamping near its upper rounded corners. 

8. MANUFACTURE OF LOW-COST DRAWING TOOL 

Tool steel 19 573 (1.2379 according to DIN, X153CrMoV12 according to EN ISO), also known as POLDI 

2002K, was chosen for the production of the punch and die. It is high-performance tool steel of the ledeburitic 

type for cold work. It is characterized by excellent wear resistance, high compressive strength and good 

toughness. The steel is secondarily hardenable and is therefore suitable for subsequent chemical-thermal 
treatment (nitriding, CVD - chemical vapour deposition, PVD - physical vapour deposition). Tool steel 19 573 

replaces steel 19 436 well (1.2080 according to DIN 1652, X210Cr12 according to EN ISO, POLDI 2002), 

which is also wear-resistant, has dimensional stability with low toughness, is difficult to grind and is suitable 

for nitriding. Machining of semi-finished products was performed on a five-axis CNC milling machine 

Deckel DMU 80, while the prescribed surface roughness Ra = 1.6 µm was achieved. Heating for hardening 

was performed in a vacuum furnace. The resulting hardness after hardening was measured with a hardness 

tester. The determined hardness value of 58 HRC corresponded to the prescribed hardness in the range 

of 58 + 2 HRC. The positioning pins were made of 12 060 steel by turning on a conventional lathe with an 

allowance for grinding on a cylindrical surface, then they were hardened to a hardness (56-60) HRC. 

Hardening consisted of heating the positioning pins in an electric furnace and subsequent cooling in hardening 

oil Paramo TK 46/10 (ISO VG 46, ISO 6743). After hardening, the cylindrical surface was ground on a BU 28 

grinder with an accuracy of n6 for pressing. The resulting deposit is then H7/n6. 

9. EXPERIMENTAL DRAWING OF STAMPINGS BY LOW-COST DRAWING TOOL 

The production of test blanks for drawing the cover stamping was performed by laser beam cutting. 

The subsequent drawing of test pieces of stampings and their measurement verified the applicability of the 

proposed low-cost drawing tool on a press brake. 

10. CONCLUSION 

The technology of production of a small number of pieces of the cover stamping was designed to achieve 

a minimum price of one piece of the manufactured component. A low-cost drawing tool for a press brake was 

designed. The simulation of the drawing process made it possible to analyze the areas with the greatest 
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thinning and to verify the drawability of the stamping. Drawing of test pieces of stampings verified 

the applicability of the proposed low-cost drawing tool on a press brake. 

The possibility of drawing intricate shape stampings using a drawing tool attached to the working part 

of the press brake was verified. 
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Abstract 

Forging tools are exposed to cyclically changing thermo-mechanical stress conditions leading to its failure. 

Damage phenomena on the tool engraving cannot be entirely avoided by hardening the surface, as this leads 

to a more brittle behaviour and thus to lower ductility of the material, which can intensify the occurring damage 

effects. The forming of steel below the recrystallisation temperature in the metastable austenite area, known 

as ausforming, offers the possibility to increase strength and hardness without affecting ductile properties, due 

to simultaneous grain refinement.  

In this study, ausforming was used to produce forging dies with increased wear resistance from tool steel 

X37CrMoV5-1 (AISI H11) by achieving higher hardness in the surface area while maintaining a ductile base 

material. Suitable forming and tempering parameters were derived from previous studies in which ausformed 

cups from tool steel X37CrMoV5-1 (AISI H11) with a downscaled geometry have been investigated in 

mechanical pulsation tests. To achieve comparable properties, a process route with adapted surface-cooling 

conditions, a global true plastic strain of φ = 0.25 and a tempering temperature of 300 °C were applied. Further, 

the ausformed dies were compared with conventionally forged dies. The metallographic analysis and hardness 

measurements show that an increased hardness in the surface area can also be obtained for the actual formed 

dies. In order to see the influence of the thermomechanical alternating load on the die engraving under forging 

conditions, the performance of the ausformed tool will be investigated in service-life-time tests and compared 

to warm-formed and machined reference tools. 

Keywords: Metastable austenite, ausforming, forging die inserts, wear resistance 

1. INTRODUCTION 

Hot bulk metal forming is used for industrial serial production and is considered highly efficient, since 

components can be produced almost without material loss in short cycle times [1]. Open die forging enables 

the production of simple shaped components with high mechanical performances and limited capability in 

terms of production volume [2]. The amount of load bearing cycles a tool system can operate without failure is 

decisive for the economic efficiency of the forging process and defines the tool´s service life time [3]. In this 

context, increasing the service life time of forging tools improves the economic efficiency of the production [4]. 

Further, the tool’s surface conditions also affects the quality of the forgings, as the damaged dies and stamps 

cause a change in the geometry of the manufactured product [5]. During forging operations, the active tool 

surfaces are subject to a superimposed cyclic thermomechanical load spectrum of high normal and shear 

stresses, which differ depending on the desired component geometry [6]. Furthermore, the stress type and its 

effect on the forging tool depend on factors like the contact condition, the workpiece temperature and the 

material flow [7]. These load conditions result in micro-deformations and clustering of dislocations at grain 

boundaries and inclusions, followed by near-surface crack formation, which propagate with each forging cycle 

[8]. Crack formation due to the notch effect in narrow radii in addition to abrasion and deformation is a typical 

failure mechanism for highly mechanically loaded hot forging dies, see Figure 1 (left). To avoid and counteract 
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the described tool failure, hardness and ductility have to be increased without effecting each other negatively. 

This increase is limited in conventional machined and tempered steels [9]. However, if the steel is hot formed, 

for example by ausforming, the microstructure can be changed in texture and phase. Figure 1 (right) contrasts 

the textures of machined and formed dies in the radius area. 

 

Figure 1 Defect of lower die with critical failure due to mechanical load and crack stages (left) and radius 

area texture of machined and formed dies (right). 

The overall objective of this study is to increase the service life of forging tools by improving the microstructural 

properties by ausforming. Ausforming is a method of improving the above-mentioned properties, high ductility 

and hardness, by adapting the microstructure alignment (texture) to the actual load [10] while simultaneously 

refining the grains [11]. For this purpose, the steel is austenitised and then cooled to forming temperature in 

the metastable austenite area. During ausforming, the deformed texture in the metastable austenite phase is 

transferred to the martensitic microstructure in a preceding quenching treatment. The lattice defects introduced 

by the deformation affect the solubility, the diffusion of foreign atoms, self-diffusion and thus the nucleation 

and growth of the phase during its allotropic transformation. By exploiting this effect, it is possible to achieve 

material properties that cannot be reached by conventional methods [12]. Ausforming of highly alloyed tool 

steels represents an alternative to quenching and tempering of machined tool contours and allows improved 

properties. The combination of grain refinement and microstructural texturing should lead to an increase in 

service life. In previous studies [9], the fatigue life of cyclically loaded ausformed specimens of X37CrMoV5-1 

(AISI H11) was investigated. For this purpose, pulsation tests were carried out to investigate the material 

behavior under operating conditions of alternating mechanical loads. The process variables during ausforming 

with φ = 0.25 and tempering at 300 °C were considered suitable. The hardness measurements revealed a 

different formation of the microstructure of the deformed zones. The microstructure in areas of low deformation 

shows similar hardness to that of conventionally quenched and tempered steels. In contrast, material zones 

with high deformation, such as in the radii, exhibit a finely dispersed structure that shows the highest hardness. 

The ausformed surface layer in the radius of the engraving reaches the hardness maximum by tempering at 

500 °C. Still, the elevated tempering temperature proved to be unsuitable. Due to the temperature-induced 

additional precipitation of carbides, the material becomes harder. As a result, the ductility and thus the fatigue 

life decreases due to the secondary hardening effect and increased brittleness. Nevertheless, the attained 

hardness is higher than with a conventional heat treatment. On the basis of the hardness measurements along 

the specimen cross section, it was possible to demonstrate that a lower true plastic strain leaded to higher 

fatigue life in pulsation tests.  
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2. METHOD AND MATERIALS 

First, the geometry of the forged die inserts was designed by upscaling the engraving from ausformed cups of 

previous studies [10]. For this purpose, preforms with a bottom thickness of 23.1 mm are forged with the die 

set, shown in Figure 2. The bottom thickness is decisive for the global true plastic strain while ausforming and 

for the material flow that occurs during forming process in the metastable austenite area. The preformed 

workpieces were made of tool steel X37CrMoV5-1 (AISI H11) by die forging at 1060 °C above Ac3-

temperature. This steel grade contains austenite stabilizing elements such as Cr, Mo, V and is particularly 

suitable for the ausforming process due to its slower transformation kinetics in the austenite phase [13]. The 

forging tools were also made of X37CrMoV5-1 (AISI H11) and were lubricated with Con Traer G 300, which 

was applied on the tools before positioning the warm preforms. For the tests, the preformed samples were 

austenitised for 30 minutes in a batch furnace at 1060 °C, then cooled to the temperature area of metastable 

austenite (500 °C - 600 °C) above the martensite start temperature Ms and finally ausformed with a global true 

plastic strain of φ = 0.25. For cooling into the metastable austenite area, water is used as a cooling medium, 

which is sprayed onto the surface of the inner contour. The temperature at the workpiece surface is monitored 

by means of a thermal imaging camera, since undercooling can lead to premature phase transformation of the 

material and consequently to failure due to cracking [13]. However, it is not possible to cool the entire forging 

to a homogeneous temperature, since other material areas are not actively cooled and heat is only extracted 

by tool contact. The cooling water is applied with a GERLIEVA membrane spray head. Preliminary tests have 

already shown suitable pressure parameters for producing a uniform conical spray pattern with a controllable 

cooling rate. These spray parameters from preliminary tests [13] are used to prevent damage during forming. 

As soon as the forming temperature of 500 - 600 °C on the surface is reached, the preforms were ausformed 

using a screw press (Lasco SPR 500) and then quenched in water to room temperature. Later, the ausformed 

die inserts were tempered two times at 300 °C for 2 h. As reference, die inserts were forged in a single stage 

forming operation at a temperature of 1060 °C and tempered as described before. 

 

Figure 2 Ausforming process and forging tools 
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To investigate the transferability of ausforming parameters to a scaled contour, hardness measurements and 

microstructure analysis were carried out. The specimen were cut from the centre of the formed die inserts and 

tested for their hardness according to Vickers (HV10). The hardness at the radius of the bottom area was 

investigated, as this is the area where failure occurs under alternating mechanical load. The measured 

hardness profiles in the radius and diagonally in depth are shown in Figure 3.  

 

Figure 3 Hardness profiles measured in the inner radius and depth of the formed die inserts 

3. RESULTS AND DISCUSSION 

Figure 4 shows a comparison of the hardness curves of the single stage forged and ausformed die inserts. 

The hardness profiles in depth (left) show an increased hardness for the ausformed die inserts close to the 

surface. Despite the different flow stresses that occur during ausforming, due to the active cooling of the 

surface, a deformation-related increase in hardness can be observed. The hardness profiles of both variants 

converge in the depth suggesting a similar microstructure. In general, the hardness profiles show a similar 

course, which also indicates a comparable forming history. The hardness curve at the inner radius of the die 

insert (right) shows a higher hardness in the ausformed die inserts compared to the simply forged ones. The 
hardness, which increases from the bottom area, peaks at 660 hardness according to Vickers (HV10) at the 

end of the radius. Surface hardening, such as nitriding, is used in particular to increase wear resistance. This 

has a positive effect on the abrasion behaviour and can contribute to an increase in tool performance.  

 

Figure 4 Hardness profile diagonal in depth of the radius (left) and along the radius contour (right) of 

ausformed and forged die inserts 

To investigate the geometric scalability, the hardness profiles of the ausformed die inserts are compared to 

those of smaller ausformed cups from previous studies [9], as shown in Figure 5. Upscaling of the workpiece 

geometry which has to be ausformed requires a corresponding increase in the applied forming force due to 
the increased volume. The surface-to-volume ratio poses another challenge which influences the heating and 

cooling process. With the geometric upscaling of the workpiece, volume effects increase disproportionately 
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compared to surface effects. The convective heating of the semi-finished products to forming temperature 

takes considerably longer. This bears a higher risk of edge decarburisation. At the same time, the material 

flow during ausforming of upscaled geometries generates larger surface area, which counteracts the effect of 

edge decarburisation. The cups from the previous investigation had a significantly lower volume with thinner 

walls and could be cooled down to the forming temperature of the metastable austenite area (500 - 600 C) in 

10 s. The cooling time for the die inserts is 30 s. The more intensive reheating of the die insert makes it 

impossible to set equal cooling rates. The previously mentioned flow stress gradient, which is decisive for the 

hardness profile, can thus not be adjusted in upscaling. The longer holding time of the hot preforms while 

cooling in the die and the higher forces required also increase the thermomechanical stress on the tools. The 

ausformed cups achieved a higher hardness under the same true plastic strain of φ = 0.25, as higher stress 

in the radius area during forming and a faster quenching can be assumed. 

The previously carried out mechanical pulsation tests showed that specimens with a lower hardness had a 

longer resistance to the alternating load. The higher ductility in the die ground material should be particularly 

advantageous. Therefore, a tendency can be derived from the reached hardness in the surface area. 

 
Figure 5 Comparison of the hardness profiles in depth of ausformed die inserts and ausformed cups  

Figure 6 shows the microstructures of the ausformed die inserts (left) and ausformed cups in the radius area 

(right). It can be seen that approx. 1 mm below the surface, a material flow caused by the forming leads to a 

wave-like characteristic of the microstructure. In contrast to the rest of the microstructure, which was stretched 

by forming, non-deformed texture areas can still be seen. The hardness measurements correlate with the 

texture from the micrographs. The martensitic structure of the ausformed die insert, see Figure 6, is finer than 

that of the ausformed cup. The increased hardness achieved in the cup is reflected in a noticeable higher 

martensite development. This indicates that the thermomechanical treatment took place under deviating 

conditions. However, the finer martensite structure and the lower hardness of the die inserts should have a 

positive effect on the tool life via less brittle behaviour under mechanical load.  

 

Figure 6 Comparsion of the ausformed die insert (left) and ausformed cup (right) microstructure 
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4. CONCLUSION 

Ausforming of large volumes poses a challenge, as the up-scaling results in higher required forming forces but 

also loads on the tool. Despite the longer heating time, no decarburisation of the surface area can be detected. 

Due to the geometry-related different heating and cooling times, it can be stated that a transfer of the forming 

parameters and the tempering step to a scaled semi-finished product geometry is hardly possible. The cooling 

rate of the spray cooling decreases due to a low surface-to-volume ratio compared to the process conditions 

of the cups from the preliminary study, which is noticeable in the hardness maxima. Thus, both the hardness 

gradients and the maximum hardness differ, the latter being slightly smaller in the case of the die insert 

compared to the previous tests. Further, a more ductile layer underneath the ausformed die engraving 

suggests a positive influence under alternating load and thus a favourable application behaviour. In future 

investigations, the suitability of the die inserts for the forging process will be tested by means of service-life-

tests in order to investigate their resistance to thermomechanical loads under real forging conditions.  
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Abstract 

Research and development of construction materials for fusion reactors is an important international task. 

CuCrZr material is a promising material for fabrication of coolant tubes inside the divertor and other 

components. In recent decade, materials with ultrafine-grained (UFG) structure are widely used due to their 

unique physical and mechanical properties. To be used in fusion technology, the material of the coolant tube 

should withstand pressure, show sufficient corrosion properties and neutron irradiation resistance. The UFG 

materials are known to improve the strength, ductility, heat and corrosion resistance, and according to the 

recent studies, they are expected to provide improved irradiation resistance. The aim of this study is to 

investigate the cryorolled UFG CuCrZr material behavior after neutron irradiation and to relate it to the 

microstructural changes.  The post-irradiation evaluation was performed in Hot-cells facilities in Research 

Centre Řež. Mechanical properties were tested by static tensile test at ambient temperature, supplemented by 

microstructural analysis using SEM-EBSD. The results were compared with material processed by convention 

rolling method at ambient temperature. 

Keywords: CuCrZr alloy, cryorolling, neutron irradiation, mechanical properties, post-irradiation evaluation 

1. INTRODUCTION 

The materials to be used in the fusion energy systems must withstand high temperatures and should fulfill 

certain parameters. The materials for high heat flux applications must provide high thermal conductivity, 

good thermal stability, strength and tensile ductility, fracture toughness, fatigue and creep-fatigue, and 

radiation resistance [1-4]. Materials with sufficient properties can be used in fusion reactor for the transfer of a 

large amount of heat generated inside plasma. According to the recent studies, copper alloys are suitable for 

example for the heat transfer components. Copper alloys acquire their good thermal transfer properties by 

precipitation hardening or secondary phases in the material. The most preferable precipitation hardened 

copper alloy is CuCrZr, which chemical composition is about 1% Cr and 0.1% Zr. This alloy is designed for 

lnternational Thermonuclear Experimental Reactor (ITER) and is referred to as CuCrZr-IG, with the chromium 

content of 0.60-0.90 wt.% and of 0.07-0.15 wt.% zirconium [5]. Increased strength of this alloy can be mainly 

achieved by precipitation hardening of fine CunZr precipitates, which also leads to a considerable improvement 

of ductility at elevated temperatures [6-7]. Precipitation of Cr-rich particles during supersaturated solid solution 

aging at 450-480°C for 2-4 h also results in strengthening. It was shown that the neutron irradiation of CuCrZr 

alloy at the temperatures below 473 K leads to the degradation of mechanical properties, such as a significant 

increase in tensile strength and severe loss of work hardening ability and uniform elongation. [8-9]. In case of 

life extension of this alloy under severe conditions of radiation, the microstructure modification is required in 

order to increase the plasticity and thermal stability of the alloy. This can be achieved using the severe plastic 

deformation (SPD), which is a very effective method of production of bulk ultrafine ‐ grained (UFG) and 
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nanostructured materials with novel characteristics [2,7]. The mechanical properties and microstructure of 

CuCrZr alloy can be modified by several SPD methods, such as high‐pressure torsion (HPT), multi‐directional 

forging (MDF), equal‐channel angular pressing (ECAP) and asymmetric rolling (ASR), in some cases also at 

cryogenic temperatures [7,10-13]. The increased ductility was observed in Cu-10%Al with UFG structure 

compared to the conventional coarse-grained alloy [14]. In materials with low stacking fault energy (SFE), SPD 

processes are realized under cryogenic conditions when the deformation by twinning is activated, which 

ensures the stability of the grain boundaries at elevated temperatures.  

The aim of this study is to investigate the effect of low-dose neutron irradiation (0.1 dpa - displacement per 

atom) on the mechanical properties of ASR CuCrZr alloy prepared at room temperature and under cryogenic 

conditions.  

2. MATERIALS AND METHODS 

Five millimeters thick Cu-0.96% Cr-0.06% Zr alloy plate was used in this study. The specimens were annealed 

at 1020 °C for 30 min and water quenched prior to the experimental asymmetric rolling. Experimental 

asymmetric rolling was carried out using rolls with different diameters with the ratio of 2.4. The samples were 

rolled to achieve 60 % total thickness reduction at the end of the cycle. The samples were rolled under the 

same deformation conditions at room temperature (ASaR) and at cryogenic temperature (AScR). Cryogenic 

conditions were secured by immersing the samples into liquid nitrogen before and after rolling process for 5 

minutes. After experimental rolling, the precipitation heat treatment was carried out at 430 °C for 30 min 

followed by air cooling. The artificial aging temperature of this UFG microstructure was determined based on 

the results of our previous research [13].  

The set of prepared samples was irradiated in a nuclear research reactor LVR-15 in Research Center Řež, 

Czechia. The neutron irradiation was performed at a maximum temperature of 230 °C for 61 days to reach 

total radiation damage of 0.1 dpa. During irradiation, samples were stored in aluminum case, separated by 

graphite paper. After irradiation, samples were transported to the hot-cells facility in Research Centre Řež, 

where the post-irradiation examination (PIE) was carried out.  

The flat tensile (FT) specimens were cut from the plate in the longitudinal direction of rolling (RD). Specimens 

used for mechanical testing and direction of rolling are shown in Figure 1. Static tensile testing was performed 

using universal servo-hydraulic tensile testing machine Instron 8874. Constant extension rate testing with 

1 mm/min rate was performed up to rupture at room temperature (RT) before and after irradiation. The 

elongation was measured using video extensometer from the gauge section of the FT specimens. The yield 

stress (YS) and ultimate tensile strength (UTS) of ASaR and AScR CuCrZr alloy before and after neutron 

irradiation were obtained. 

 

Figure 1 Flat tensile specimen a) and its orientation relative to rolling direction b) 

Sample for light optical (LOM), scanning electron microscopy (SEM) and microhardness measurements were 

prepared by standard Struers methods for copper alloys. LOM was carried out by using the Zeiss Axio Vert.A1 

microscope. SEM Tescan MIRA 3 installed in the hot cell was used for microstructure analysis. 
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The SEM Mira 3 with auto-emission cathode Field Emission Gun (FEG) working with acceleration voltage 0.05 

- 30 kV equipped with the electron backscatter diffraction (EBSD) Nordlys Max3 detector operating at 15 kV 

was used.  

The Vickers microhardness (HV 0.1) was measured on the polished surface of the cross-section in transversal 

direction (Figure 1b)). The Struers Duramin 5 device was used for the profile measurement along the thickness 

of the 1 mm specimen cross-section with the 0.1 mm step.   

3. RESULTS AND ANALYSIS 

Microstructure of CuCrZr after 60 % ASaR and AScR and heat treatment (HT) in rolling direction (RD) is shown 

in Figure 2. Microstructure after deformation and solution annealing is strongly bimodal. After rolling at RT, 

the deformed elongated grains in RD are observed. The shear bands are present in several grains. After rolling 

at cryogenic temperature, the deformed grains with high shear bands density are observed. The change in the 

strengthening mechanism is also apparent from the results of microhardness measurement shown in Table 1 

and Figure 3. The HV0.1 increases after ASaR to 140.6 and up to 160.6 after HT. The further increase is 

observed after AScR, after which HV0.1 is comparable to the ASaR+HT – 166.2. The highest HV was detected 

in the AScR materials after HT. The microhardness does not vary throughout the cross-section. In addition, no 

significant difference in microstructure after precipitation strengthening was observed compared to deformed 

material (Figure 3). 

 

Figure 2 Microstructure (LOM): a) 60 % ASaR; b) 60 % ASaR + HT; c) 60 % AScR; d) 60 % AScR + HT 

Table 1 Hardness average values of individual states of the material after 60 % deformation 

Material condition Initial state ASaR ASaR +HT AScR AScR +HT 

HV 0.1 60.2 140.6 160.6 166.2 202.7 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

256 

 

Figure 3 The hardness profile of the thickness of the material 

In Figure 4 inverse pole figures for 60 % ASaR and AScR 60 % are shown. The EBSD analysis has confirmed 

a higher proportion of shear bands after rolling, especially in the middle area of the sample due to the 

asymmetric nature of the process. The inhomogeneous deformation of the grains occurs due to different 

diameters of the rollers. A different mechanism of plastic deformation takes place in case of AScR - twinning 

occurs in the initial stage. The proportion of twin grain boundaries in the case of ASaR is 0.121 % while in the 

case of AScR it is 1.95 % in an analyzed area of 800x600 μm. 

 

Figure 4 Inverse pole figures of ASaR 60 % 

Stress-stress curves of ASaR material rolled at RT and after HT before and after neutron irradiation are shown 

in Figure 5a). The curve shape for CuCrZr rolled at RT is a typical for the highly deformed structures, where 

instabilities in plastic region are present during uniaxial deformation. These instabilities are caused by the 

presence of large amount of dislocation in the initial structure and inability to absorb newly created dislocations 

for uniform strengthening. Moreover, the necking occurs in the initial phase of the deformation process. 

Material after ASaR has high YS of 340 MPa and the UTS of 346 MPa. However, it shows significantly low 
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uniform elongation of 0.5 % and a ductility of 6.8 %. ASaR CuCrZr after HT has different trend of the stress-

strain curve. The higher YS of 376 MPa and the UTS of 410 MPa are observed as well as the uniform 

elongation of 4.5 %. The change of the UTS is caused by the precipitation strengthening while the favorable 

increase of ductility up to 11 % is due to the recovery of initially deformed structure. The necking region is 6.5 

%, which does not differ from the deformed state. Stress-strain curves of both ASaR and ASaR+HT after 

neutron irradiation (0.1 dpa) are shown in Figure 5a) using dashed lines. The irradiation lead to the increase 

of the YS and UTS of 176 MPa and 173 MPa, respectively, and a slight decrease of uniform deformation of 

0.4 % and ductility of 4.5 %. The more pronounced effect of irradiation can be seen in HT material, where the 

increase of the YS is by 229 MPa and ΔUTS by 206 MPa. At the same time, the uniform deformation decreases 

by 0.3 % as well as elongation, by 5 %.  

 

Figure 5 Stress-strain curves for CuCrZr alloy: a) after ASaR and ASaR with HT before and after neutron 

irradiation, b) after AScR and AScR with HT before and after irradiation 

The stress-strain curves of CuCrZr rolled in cryogenic condition at 77K are shown in Figure 5b). The 

mechanical properties of AScR improve compared to the ASaR. UTS is higher for ASaR by 50MPa after rolling 

and by 85MPa after rolling and HT. The character of deformation is similar as can be seen from the comparison 

of stress-strain curves in Figure 5. The higher UTS and YS is caused by the suppression of dynamic recovery 

during deformation under cryogenic condition and the activation of twinning. The latter is observed in the 

microstructure inside the shear bands in a form of nanotwins, as it was reported in [12,13]. After irradiation, 

both AScR and AScR + HT are deformed uniformly up to 0.5 %, while ductility is 6 % and 5.5 %, respectively. 

It indicates a slight increase of ductility compared to the copper alloy rolled at RT. The irradiation leads to the 

increase of the YS and UTS for AScR of 132 MPa and 158 MPa and for AScR + HT of 175 MPa and 158 MPa, 

respectively. 

4. CONCLUSION 

This study is focused on the evolution of mechanical and structural properties of CuCrZr alloy precipitation 

hardened by asymmetric rolling at RT and in liquid nitrogen with subsequent neutron irradiation. The following 

conclusions can be drawn from the experimental results: 

 After 60 % deformation at RT, the microstructure is considerably deformed, while during deformation in 

liquid nitrogen the structure is formed by a high amount of shear bands. Presence of shear bands were 

confirmed by EBSD. 

 The presence of shear bands was also reflected in the values of microhardness, which increased by 
about 25 HV0.1 compared to ASaR. Their presence is noticeable also after precipitation hardening, 

when the hardness reached 202.7 HV 0.1. 
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 The values of mechanical properties from the static tensile test have the same character as the values 

of microhardness. The highest values were reached after AScR + HT where YS = 460 MPa and UTS = 

490 MPa. 

 Radiation damage of 0.1 dpa caused a significant increase in YS and UTS. Lower values were observed 

in CuCrZr alloy after AScR.  
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Abstract 

Mechanical properties and the deformation behavior of the equal channel angular pressing processed material 

were investigated by the tensile tests using miniaturized specimens, hardness and by so called penetration 

tests. The significant increase in yield stress and hardness after equal channel angular pressing was discussed 

by two strengthening mechanisms. Based on these mechanisms, variations of the yield stress and hardness 

as a function of the pass numbers were related to the calculated dislocation densities and the average 

boundary spacing. Also it was suggested that the absorption of the dislocations into grain boundaries would 

be an effective recovery process for the absence of the strain hardening. 

Keywords: Titanium, ECAP, microstructure, mechanical properties 

1. INTRODUCTION 

During the equal channel angular pressing (ECAP) a metal billet is pressed through a die consisting of two 

channels, equal in cross section and intersesting at an angleFigure 1)The billet undergoes essentially 

simple shear deformation but retains the same cross-sectional geometry, so that it is possible to repeat the 

pressings for a number of passes, each one refining the grain till the extent which is determined by the material 

characteristics. 

  
Figure 1 Schematic illustration of a die variantion 

present used in the of investigation, with φ 90 and 

ψ = 20° 

Figure 2 Schematic representation of the 

yield stress as funkction of grain size in nc 

metals and alloys [6] 

 

Extrusion by ECAP method enables obtaining of a fine-grain structure in larger volumes. Products made by 

this technique are characterised by high strength properties (Figure 2), and they can be potentially used at 

subsequent super-plastic forming [1-3]. Magnitude of deformation, development of structure and resulting 

mechanical properties achieved by this technique depend notably on: homologous temperature Th, size of 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

261 

grain dz, deformation speed , homologous tension in die density of structural failures, on purity,  

etc [4-6]. Obtaining of the required final structure depends primarily on geometry of todie, obtained magnitude 

and speed of deformation and temperature.  

2. STRUCTURE AND PROPERTIES OF COMMERCIAL PURE TITANIUM 

Microstructure of deformed specimens after testing is shown in Figures 3- 4. Specimens were sectioned along 

the gauge and grip parts of the deformed sample. The samples were then polished etched using 10 % HF,  

10 % HNO3 and 80 % H2O for 20 second.  

  

Figure 3 Initial microstructure titanium  

ECAP +650 °C/1 h. 

Figure 4 Microstructure titanium after 2 passes 

Chemical analysis and mechanical properties commercially pure (CP) titanium are given in the Tables 1-2.  

Table 1 Chemical analysis titanium Grade 2, (weight %) 

N O C Fe Al Cr Ti 

0.004 0.068 0.008 0.03 0.01 0.01 Rest. 

Table 2 Tensile properties of titanium Grade 2 after annealing 649 °C/1 hour (ASTM E8) 

Rm 

(MPa) 

Rp0,2 

(MPa) 

A 

(%) 

Z 

(%) 

375 230 51 71 

3. THE TECHNOLOGY FOR MANUFACTURE OF ULTRA-FINE GRAIN TITANIUM  

The main objective of experiments was manufacture of ultra-fine grain Titanium, description and optimisation 

of its properties from the viewpoint of their resistance to corrosion, strength and other mechanical properties 

from the viewpoint of its application in dental implants. Chemical purity of semi products for titanium was 

ensured by technology of melting in vacuum and by zonal remelting. The obtained semi-product was under 

defined parameters of forming processed by the equal channel angular pressing technology. The output was 

ultra-fine grain titanium with strength about 960 MPa. Table 3 summarises the obtained basic mechanical 

properties ultra-fine grain titanium after ECAP. The obtained ultra-fine grain titanium will be further processed 

by technology (of rotation forging) and drawing to the shape suitable for dental implants.  
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Table 3 Mechanical properties (n)Ti after ECAP 

Forming processed Tensile stress 

(MPa) 

Elongation at break 

(%) 

Young´s modulus 

(GPa) 

dz 

(nm) 

ECAP 
(10 passes) 960 12 100 100 to 300 

4. RESULTS  

Samples from individual heats were processed by the ECAP. The samples for mechanical tests and for 

microstructural analyses were prepared from individual variants of processing. On the basis of the results of 

standard tensile tests (Figure 5), particularly the obtained strength values, several variants were chosen for 

more detailed investigation of developments occurring in the structure at application of the ECAP and 

subsequent drawing after heat treatment. 

 
a) 

 
b) 

Figure 5 Stress - strain curve commercially pure titanium: a) initial sample, b) after 6 passes 

The structure was analysed apart from light microscopy also by the TEM. Structure of ultra-fine grain titanium 

after application of the ECAP process is shown in the Figures 6 - 7.  

 

Figure 6 Microstructure of ultra-fine grain titanium 

after ECAP (6 passes) 

 

Figure 7 Microstructure of ultra-fine grain titanium 

after ECAP (10 passes) 

In the Figures 8 is also presented correlations for steels (dashed line) and titanium [7]. From both figures is 

clearly seen, that origin correlation for steel can not be used for evaluation of mechanical properties of titanium 

by punch test, new developed correlation changed significantly probably due to friction coefficient effect or 
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lattice effect. Work is still continuing to evaluate reason of the ECAP passeshis effect as well as to get a more 

results for titanium and Ti alloys. When the grain size is reduced to 0.1 m or less an in the case of titanium 

after 8 passes ECAP. 

 
 

a)                                                                                  b) 

Figure 8 Correlation for steel and titanium yield stress (a) and tensile stress (b) 

The resulting fracture surface from a tensile specimen still continues to show what appears to be dimpled 

rupture with the important difference that the dimple diameter on an average is finer in size relative to those 

seen in Figures 9, 10. 

  
Figure 9 Substructure of titanium Grade 2  

in the sample initial state 

Figure 10 Substructure of titanium grade 2 in the 

after 10 ECAP passes 

5. CONCLUSIONS  

Technology of manufacture of ultra-fine grain titanium was proposed and experimentally verified. Grain 

refinement in input materials was obtained using the equal channel angular pressing process. In conformity 

with the Hall-Petch, relation the strength properties of commercially pure titanium increased significantly as a 

result of grain refinement. The obtained mechanical properties correspond with the declared requirements. 

Ultra-fine grain has higher specific strength properties than ordinary titanium. To evaluate mechanical 

properties of Ti standards tensile tests were carried out as well as very potential method (small punch test) 

were used. New correlation has been found for titanium that differs significantly from correlation using for 

steels. Further work is necessary to get more data for new developed correlation on titanium and Ti alloys. 

Based on the experimental results can be seen that small punch tests can be using to evaluate for titanium 

especially in the case, when small amount of experimental materials is expected.  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

264 

ACKNOWLEDGEMENTS 

The authors are grateful to the Czech Ministry of Education, project MOBILITY, No. 8JPL19035  

REFERENCES 

[1] DANAIL, G., NIKOLAY, F., STOYAN, D. Classification, properties and application of titanium and its alloys. 

Proceedings of University of Ruse. 2016, vol. 55, book 2, pp. 27-32.  

[2] WANG, M., WANG, Y, HUANG, A., GAO, L. Promising tensile and fatigue properties of commercially pure 

titanium processed by rotary swaging and annealing treatment.  Materials.  2018, vol. 11, no. 11, pp. 2261-2267.  

[3] HUSAAIN, Z., AHMED, A., IRFAN, O.M., AL-MUFADI, F. Severe plastic deformation and its application on 

processing titanium: A Review. Int. J. Eng. Technol. 2017, vol. 9, no. 6, pp. 626-632. 

[4] SANOSH, K. P., BALAKRISHNAN, A., FRANCIS, L. et al. Vickers and Knoop micro-hardness behavior of coarse-

and ultra-fine grained titanium. J. Mater. Sci. Technol. 2010, vol. 26, no.10, pp. 904-907.   

[5] MERTOVÁ, K., PALÁN, J. DUCHEK, M. STUDECKÝ, T. et al. Continuous production of pure titanium with 

ultrafine to nanocrystalline microstructure. Materials. 2020, vol. 13, pp. 336-341.  

[6] SALIHUA, S. A., SULEIMANB, Y. I., EYINAVIA, A. I. Classification, properties and applications of titanium and its 

alloys used in automotive industry. American Journal of Engineering Research. 2019, vol. 8, no. 8, pp. 92-98. 

[7] GREGER, M., WIDOMSKÁ, M., KANDER, L. Mechanical properties of ultra-fine grain titanium. Journal of 

Achievements in Materials and Manufacturing Engineering. 2010, vol. 40, iss.1, pp. 33-40. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

265 

HIGH TEMPERATURE THERMOMECHANICAL PROCESSING OF NITROGEN BEARING 

Nb-ALLOYED STAINLESS STEEL 

1Andrei RUDSKOI, 1aGeorgii KODZHASPIROV, 2Jiri KLIBER 

1Peter the Great St.Petersburg Polytechnic University, St.Petersburg, Russia,                                           

agkodzhaspirov@gmail.com 

2VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU 

https://doi.org/10.37904/metal.2021.4097 

Abstract  

The effect of High Temperature Thermomechanical Processing (HTMP) using hot rolling on the structure, 

mechanical properties of nitrogen bearing niobium alloyed 18Cr-10Ni austenitic stainless steel is presented. It 

has been found that the strengthening effect of HTMP depends significantly on the kinetics of deformation 

accumulation schedule. The change in rolling pressure with an increasing number of passes follow a similar 

pattern to the change in strength of the TMP treated rolling section. The basic factor determining the difference 

in structure formation of studying steels is thermodynamic stability of the carbide phase under the varying rolling 

accumulation schedules. TEM and light microscopy have been used in structural investigations. HTMP with a 

different accumulation schedule result in increasing of yield strength by 1.5 times compared to conventional heat 

treatment value. 

Keywords: High Temperature Thermomechanical Processing (HTMP), Nb-alloyed austenitic stainless steel, 

dislocations, TEM, fragmentation, mechanical properties 

1. INTRODUCTION 

The austenitic stainless steels are widely used in industry because of their superior corrosion resistance and 

high (especially ductility and toughness) mechanical properties [1]. Relatively low yield strength (YS), however, 

is an obstacle to spread of this application. The typical strengthening methods of austenitic stainless steels 

include solid solution hardening and grain refinement [1-3]. It is known that Thermomechanical Processing 

(TMP) is one of the advanced strengthening resource saving technologies of metallic billets and parts of 

machine production [3-7]. As a result of TMP it is possible to increase strength and in the most cases it will not 

necessary to conduct heat treatment following by metal forming routinely. It has been reported that HTMP can 

give austenitic stainless steels grain refinement and substructure strengthening which rise strength without 

much reduction in ductility and toughness [3,6]. The effect of High-Temperature Thermomechanical 

Processing (HTMP) with one-time and fractional accumulation of deformation on the structure and mechanical 

properties of austenitice steel of type 18/10 stabilized by niobium is investigated. 

2. EXPERIMENTAL 

 Steel of the following composition has been studied: 0.05 C; 18% Cr; 10% Ni; 0.05%N; 0.9% Nb (steel C-Cr-N-Ni-Nb). 

The specimens of the cross section 25 x 25 mm cut from forged ingots have been heated in an electric furnace 

at 1150 °C for 50 min, and then rolled after air cooling to the different deformation temperatures on the mill with roll’s 

diameter 210 mm. Deformation has been realized with a various number of passes (n = 1 ÷ 5), followed  

by the accelerated water cooling. In the case of one-time deformation, the reduction (ε) was 10, 30 and 50 %; in the case 

of fractional deformation, it was 10 % in each pass. Deformation of 30 and 50 % in each pass has been realized after 

air cooling preliminarily heated to 1150 °C samples, before the onset of rolling to the rolling temperature in the third  
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(1070 °C) and fifth (1020 °C) pass, respectively, in fractional deformation. The structure is investigated in cross 

sections parallel and perpendicular to the rolling axis. The mechanical test data are shown in Table 1. Metallographic 

investigation is undertaken on a light microscope; the dislocation’s structure has been studied by TEM using 

a JEM-200 CX. 

Table 1 Structural parameters and mechanical properties of C-Cr-Ni-Nb steel processed HTMP with different 

Numbers of passes (n) and Reductions (ε) 

TMP parameters Structural parameters Mechanical properties 

n 
ε 

(%) 

D, 

(μm) 

0 x 107 

(cm-3 ) 

λ  x 1010 

(cm -2) 

∆f 

(%) 

∆r 

(%) 

YS 

(MPa) 

TS 

(MPa) 

A 

(%) 

RA 

(%) 

1 10 81 6.4 x107 2.5 15 0 320 626 53 72 

1 30 51 8.7 x107 1.0 50 5 362 634 31 66 

1 50 40 16.1 x107 1.5 70 25 279 631 51 64 

3 30 47 10.2 x107 1.5 80 0 331 664 49 65 

5 50 35 22.1 x107 2.5 95 0 388 687 43 66 

CHT 85  253 610 58 69 

Note: Conventional Heat Treatment - CHT (1100 oC, 50 min, quenching). 

2.1. Results and discussion 

The characteristic element of the microstructure in the initial (heating to 1150 °C for 50 min with subsequent 

quenching) state are relatively large grains  85 μm, within which there are annealing twins and rounded 

inclusions (a few microns in size) uniformly scattered over the volume. Fractional deformation with increase in 

the total reduction,  leads to qualitatively the same monotonic decrease in grain size, D and increase in the 

density of carbide-phase deposits, 0. There is pronounced extension of the grains in the direction of rolling. In 

contrast to fractional deformation, one-time deformation has a different influence on the structural parameters 

of steel. With increase in the reduction of one time deformation (one pass) to 50 %, there is monotonic decrease 

in the grain size and increase in the density of carbide-phase precipitates, i.e. the variation in the structural 

parameters conforms to the same qualitative laws as in fractional deformation.               

2.2. Structural and phase transformations in dislocations structure.  

In the case of fractional deformation, increase in the total reduction leads to increase in the dislocation density. 

The greatest change is observed after the first pass: from 108 to 2.51010 cm-2. Subsequent increase in has 

practically no influence on λ. After five passes, it remains at the level of a single 10 % reduction. The spatial 

distribution of dislocations after the first pass is characterized by the presence of the volumes with a weakly 

expressed cellular structure, as well as volumes of fragmented substructure with the boundaries of fragments 

extended along the direction of rolling. Dislocations are short and winding, forming balls and knots. With 

fractional accumulation of the total reduction εΣ the fraction of the volume occupied by cellular structure 

decreases monotonically, while the fraction of the volume occupied by fragmented structure increases 

(Table 1) Thus, after the third pass, the fraction Δƒ of fragmented volume reaches 80; after fifth passes - 95 %. 

With increase in εΣ, the degree of perfection of the fragmented structure increases, the quantity of broken 

boundaries decreases, and their dislocation structure is ordered. On average, the size of the fragments 

decreases, and the misorientation between them increases. The general law is increase in the extension of the 

fragments along the direction of rolling (Figures 1a, b). 
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a)                                                     b) 

Figure 1 Microstructure (TEM) of steel C-Cr-Ni-Nb deformed in various conditions: a) extended fragments in steel 

subjected to deformation in one (a) and five (b) passes 

 
a)                                                              b) 

 
c)                                                             d) 

Figure 2 Dislocations structure (TEM) of steel C-Cr-Ni-Nb (a-d) subjected to 50 % one time reduction: a) 

recrystallized sections against a background of strongly cold-hardened structure, b) dislocation free volume 

of recrystallized structure, c) uniformly distributed dislocations within recrystallized region, d) secondarily 

recrystallized region. 

The formation of a dislocation network within the fragments (Figure 1a) is characteristic for studied steel. 

Volumes where fragmentation is observed against the background of a structure of deformational micro-twins 

are encountered (Figure 1d). With fractional accumulation of deformation, no signs of dynamic recrystallization 

are seen even after 50 % reduction (n = 5). Structure formation in one time deformation also has distinctive features. 

The proportion of the volume occupied by cellular structure decreases monotonically with increase in ε. The 

fragmentation process with increase in ε, the proportion of the volume occupied by fragmented structure increases 

steadily. The most signifcant difference in the variation in structure in one-time deformation in comparison with the 

fractional case is that sections of dynamic recrystallization appear in the steel with increase in the one-time reduction. 

They are first observed after 30 % reduction. Sections of recrystallized structure are encountered in two morphological 

modifcations: a) non-dislocational ellipsoidal shape of the region, no greater than a few microns in size, with perfect high-

angle boundaries; b) grains of size from 1 to 20 - 30 μm, usually of polygonal form, saturated by dislocations with different 
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density (Figures 2 a-d). Volumes of dynamic recrystallization appear after 30 % one-time reduction. The proportion of 

the volume covered by the recrystallized structure, Δr is -5 % when ε = 30 % and 25 % when ε = 50 % (Table 1). If the 

development of the fine structure is traced within an individual recrystallization region, it is found that, in the course 

of continuing plastic deformation, the magnitude of which is measured from its moment of nucleation, this region passes 

through the same successive phases of fine-structure evolution as precede the onset of recrystallization: accumulation 

of dislocations up to densities corresponding to saturation, the formation of a cellular structure in the recrystallized 

grain only arises in the case where its dimensions exceed those of the cells characteristic for the given temperature-rate 

conditions of deformation of the steel, and fragmentation. The fragmentation is intensifed and, if the deformation 

continues for long enough, new secondary regions of dynamic recrystallization may appear in the given primary 

recrystallized volumes. The process may then repeat itself again. The cyclical character of fine-structure evolution may 

easily be confirmed by observing and analyzing the types of dislocation structure corresponding to recrystallized 

grains of different size. In those which appear relatively late and hence are no greater than 0.2 μm in size, there are 

practically no dislocations (Figure 2b), although these regions are within strongly cold-hardened grains in a number of cases 

(Figure 2a). With increase in size of the recrystallized regions, the dislocation density within them increases (Figure 2c). 

Further increase in the recrystallized volumes leads to the appearance of a cellular structure, and to the onset of 

fragmentation (Figure 2d). 

2.3. Features of carbide transformations.  

The effect of alloying with Nb on the carbide transformations in steels of 18-10 type, including that associated with 

the formation of stacking faults on aging, was investigated in detail in [8,9]. Plastic deformation signifcantly infuence 

the carbide transformations in this steel. The fractional accumulation of deformation leads to monotonic decrease in size 

of the carbide particles and simultaneous increase in their density (Table 1). In steel C-Cr-Ni-Nb, the dimensions D and 

volume density ρo of the dispersed carbide particle (NbC) are practically unchanged in the course of deformation ac-

cumulation. In the case of one-time deformation an increase in the reduction degree is accompanied by increase in the 

density and size of the carbide precipitates. This is observed in both the fragmented and the recrystallized region, although 

more intensively in the latter case. To explain the influence of the method of strain accumulating on carbide 

transformations the following factors must be taken into account.  The carbide NbC in reheating before the rolling (to 

1150 °C), is practically absent in steel. This is true, at least, for the dispersed fraction of NbC particles.  

The temperature conditions of rolling in the given experiment are chosen as a function of the accumulation 

procedure of deformation. With fractional deformation, the temperature of onset of rolling for all total reduction 

degrees is 1150 °C. In one-time deformation, rolling with reduction ε = 10 % also begins at 1150 °C, but rolling with 

ε = 30 and 50 % occurs after cooling samples preliminarily heated to 1150 °C down to temperatures corresponding 

to the third (1070 °C) and fifth (1020 °C) pass in fractional deformation [this is done so that the temperature at the 

end of deformation will be the same for the same total reduction degrees]. During deformation there is solution of 

finely disperse carbides result in of their interaction with the flux of moving dislocations. Freely moving carbon atoms 

enter the solid solution or segregate at dislocations in the form of Cottrell atmospheres. Increase in strain magnitude 

or rate is accompanied by increase in the degree of solution of the initial carbide phase, other conditions being 

equal. With subcooling of the steel or cooling in the pauses between rolling passes, the solid solution corresponding 

to the limit of solubility of C, or Nb atoms gradually becomes supersaturated, and breaks down, with the precipitation 

of carbide-phase particles. As more dislocations and inter-fragment boundaries are present in the metal volume, so 

the number of sites for carbide-particle precipitation increases and these particles are found to be more disperse 

and more homogeneously distributed over the volume. The kinetics of carbide transformations is constructed in 

resistance to these tendencies.   

2.4. Mechanical properties 

The laws of structural change observed in the present paper with one-time and fractional accumulation of 

deformation in steel 18-10 alloyed with Nb are of practical importance, since they permit the prediction of its 

behavior in rolling and in mechanical tests. For example, in the fractional accumulation of deformation, 
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monotonic increase in strength should be expected; this is associated with increase in the density of 

dislocations and deposits and also with increase in the proportion of cellular and fragmented structures. The 

degree of deformation at which a maximum of the strength properties is seen in steel subjected to one-time 

reduction coincides with the deformation ensuring a combination of high degrees of development of 

fragmentation and high carbide-phase density with the least development of recrystallization. Overall, the 

dependence of the yield strength on the magnitude and method of accumulation of the deformation may be 

schematically represented in the form in Figure 3.  

 

Figure 3 Schematic representation of the yield strength (YS) dependence on reduction (strain) magnitude and its strain 

accumulation schedule: 1) fractional, 2) one-time deformation. 

An analogous correlation may be established between the structural changes and plastic characteristics of the steel. 

3. CONCLUSIONS 

 The HTMP promote a noticeable strength improvement of C-Cr-Ni-Nb steel. 

 Monotonic growth in strength at the fractional accumulation of deformation result in increase of dislocations and 

precipitates density as well as increase of cellular and fragmented substructures quantities. 

 Magnifying of one-time deformation reductions result in the dynamic recrystallization volumes appearance and 
more intensive dynamic recrystallization of Nb -bearing 18/10 type stainless steel and correspondingly the lowering 

of the strength. 
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Abstract  

The paper describes the theoretical knowledge about the process of forming holes in the solid material. The 

own design solution of an experimental device for forming cylindrical sleeves is presented. The results obtained 

in experimental work are presented at the end of the paper. The text is supplemented by diagrams and 

photographs of the experiment and the cases. 

Keywords: Technology, forming, cavities, pushing, forming equites  

1. INTRODUCTION 

Many solutions in forming technological practice are based on the application of unconventional solutions. 

Experimental work is mentioned and described in the professional literature, where machine tools were used 

as energy sources. It would not be good to a priori reject the advantages of machine tools when applying them 

in the field of forming. 1,2,3. The aim of the paper is to verify the possibility of creating cavities in the bar 

material using the device presented below, the implementation of the process at different speeds, the 

investigation of the chip formed during the formation of cavities, deviations and accuracy of molded parts. The 

necessary theoretical knowledge about the formation of cavities in a full body is published. The construction 

solutions and the described experimental work, which were performed in connection with the verification of the 

formation of cavities on the machine tool in an unconventional way with the application of the manufactured 

and published forming tool, are presented. 4,5,6,7. 

2. THEORETICAL KNOWLEDGE  

Extrusion is one of the basic and important works of volume forming, by means of which cavities are formed 

in the material, resp. imprints. The embossing technology is divided into loose and directed. With free 

indentation, the circumference-surface of the part is free, in contrast to the directed indentation in the sleeve, 

which prevents the material from moving to the sides. 

8,9,10,11,12. The starting material is deformed during 

free indentation, the height h decreases, the material is 

broken, the outer diameter D increases evenly in height 

- Figure 1 on the left. With directed pressing, the height 

of the semi-finished product increases - Figure 1 on the 

right. The solution described below is a combination of 

both methods - in the first phase it is free and in the 

second directed embossing, where the support 

(sleeve) is a support roller. When the value of the D / d 

ratio is large, it is a large process of pressing a punch 

(mandrel) onto an endless body bounded by a surface 

(half-space). This starts with D / d ≈ (5 ÷ 6) ratios.   

Figure 1 Injection pattern  

(free to the left and right to the right) 
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2.1. Forming pressure for experimentally directed indentation 

 

Figure 2 Scheme of pressing the mandrel into the solid material with the idea that the roller 1 replaces the 

wall extruder and the material does not flow in the direction perpendicular to the mandrel, but in its 

longitudinal axis1-support roller, 2-formed material, 3-mandrel 

Figure 2 schematically indicates the final stage of making a cavity in a cylindrical blank on a machine tool. The 

process itself is captured in an idealized way. The support 1 is in direct contact with the surface of the art 2 

and the mandrel 3 is already at the bottom dead center. This is the case when the roller 1 touches the surface 

of the material from the beginning, but in this case it is not, it can realistically be presented according to 

Figure 3. In simplifying this relatively complicated process, this is necessary because the question of 

determining the forming pressure for directed indentation in a closed extruder with a cylindrical mandrel is 

complex. 13,14,15.  

3. EXPERIMENTAL MATERIAL AND EQUIPMENT  

The molded material was brass with the composition in Table 1. 

Table 1 Chemical composition of experimental material 

Brand Cu % Zn % Pb % Fe % Sn % Ni % 

CuZn40Pb2 59.29 37.60 2.346 0.385 0.270 0.110 

CuZn36Pb3 59.42 37.48 2.41 0.55 0.232 0.107 

CuZn39Pb 56.80 39.80 2.90 0.150 0.100 0.063 

The diameter of the rod brass was 15 mm. The strength limit of the material was Rm = 210 MPa. The equipment 

for performing the tests is relatively simple. According to Figure 4, it is clear that a brass rod is clamped in the 

three-jaw chuck 1 of the lathe, which protrudes from the jaws 60-80 mm according to the required length of 

the housing.  

A cylindrical steel mandrel is clamped into the quill of the tailstock and a pressure roller and a parting knife are 

clamped in the support. The speed is 1200 rpm. The mandrel face is brought to the face of the workpiece and 

lightly pressed against it, creating friction and heating the end of the workpiece to a temperature of 700 to  

800 ° C. Then the mandrel is pushed into the workpiece and the metal is pushed from the inside towards the 

circumference. Roller gives the workpiece a regular cylindrical shape. The diameter of the workpiece can be 

varied by up to a few millimeters with different intensities of pressing the roller onto the workpiece. When 

finished, the workpiece is tapped to the required length. Mandrels for different inner and outer diameters of 

bushings can be made to the device. The bevel on the mandrel face is not permissible because the inner 
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diameter of the housing increases and the surface is rough. Also, the centering hole cannot be at the head of 

the mandrel, because it makes molding very difficult. This is due to the fact that the molded material is pressed 

there and the deformation resistance rises to an unbearable level. According to Figure 4, the device consists 

of a handle, a roller, a shaft and a mandrel. The roller and mandrel are hardened to 62 HRC. Seven pieces of 

samples were formed under the conditions described and with the apparatus. After shaping, the sleeve was 

tapped to a length of 1 = 20 mm, and the face on the remaining part was aligned. The surface of the hole and 

the housing are smooth without cracks. The material can be formed without difficulty. The hardness of the 

material before forming was on average 47-48 HRB, after forming it is given in Table 2. The average of 14 

measurements is given. The measurement results are shown in Tables 2, 3 and 4. Figures 5-7 illustrate the 

whole experimental process of making cavities. 

 

Figure 3 A look at the actual application of the forming equipment 

 

Figure 4 Forming equipment used in the experiment 

   

Figure 5 Formed sleeves, on the right a sleeve with cracks which have formed during the application of an 

unsuitable mandrel with a centering hole 
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Figure 6 Detail of the front of the case with 

the folded edges of the hole 

Figure 7 The shape of the chips formed during the 

forming of the hole 

Table 2 Dimensions of formed cases after experiments 

Spec. 
No. 

External dimensions Internal dimensions Surface roughness 

Ø UP 
(in a 
hole) 

Ø MID Ø 
DOWN 

Distance max. Ø 
od čela 

High L Ø UP 
(in a 
hole) 

Ø MID Ø 
DOWN 

Depth H Ra 1 -      
0° 

Ra 2 -     
90° 

Ra 3 -   
180° 

Ra 4 -   
270° 

1 15.05 15.48 15.12 6.86 14.96 8.20 8.11 8.30 7.28 1.933 1.474 1.761 2.088 

2 15.05 16.59 15.36 5.37 15.10 8.00 8.12 8.36 10.90 1.872 1.922 2.273 1.859 

3 14.98 15.61 15.08 6.35 15.16 8.16 8.19 8.35 9.67 2.923 2.962 3.733 3.507 

4 15.96 15.96 15.94 Flat surface 15.19 8.37 8.06 8.07 7.34 0.445 0.329 0.723 0.875 

5 15.94 16.05 15.99 Flat surface 15.54 8.36 8.15 8.11 8.46 3.992 3.839 6.178 2.961 

6 15.97 15.95 15.94 Flat surface 15.18 8.14 8.18 8.22 8.09 0.443 0.398 0.472 0.559 

7 15.92 15.98 15.99  15.20 8.40 8.17 8.23 8.10 0.520 0.392 3.762. 0.853 

Table 3 Dimensions of housing openings after experiments 

Specimen 
No. 

Roudness of the hole 

Ø UP Ø MID Ø DOWN 

1 0.044 0.022 0.006 

2 0.003 0.010 0.008 

3 0.005 0.030 0.007 

4 0.002 0.003 0.004 

5 0.002 0.009 0.006 

6 0.003 0.008 0.005 

7 0.004 0.009 0.008 

Table 4 Hardness of creations  

Sample No. 1 2 3 4 5 6 7 

Hardness HRB 48 49 48 47 50 48 49 

3.1. Findings  

- excessive cooling and lubrication is necessary during the process in order to avoid heating of the turbid 

mandrel during high friction of parts; 
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- the mandrel with the grooving of the clamping part has proved its worth, so there is no overturning; 

- at least 1150 rpm are sufficient; 

- the hole is slightly conical, it is suitable to make a mandrel with a bevel of approx 0.5°, 

- the roughness of the hole is on average Ra 1.6,  

- the chip shape is ribbon-like. 

4. CONCLUSION 

The paper describes the possibility of application of forming equipment and machine tools in the production of 

cavities in a cylindrical material by directed forming. The aim of the paper was to point out the possibilities of 

integrating various technologies, forming and machining, which can be used for the production of cavities in 

artists. In the production of small series of housing moldings with an internal cavity, the above solution can be 

used successfully because it is undemanding and fast. 
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Abstract 

By using of hot tensile tests, which were realized on the simulator HDS-20, the strength and plastic properties 

of two progressive alloys, based on Fe-Ni-Cr (Incoloy 800HT) and Fe-Ni (Invar 36), were experimentally 

determined. By a special type of a tensile test, involving a continuous control heating of the tested specimens 

at their simultaneous load by a constant tensile force of 80 N, a nil-strength temperature of both investigated 

alloys was determined. In comparison to the Invar 36 alloy, the Incoloy 800HT alloy showed 

a 71 °C lower nil-strength temperature. By continuous uniaxial tensile tests to rupture, which were performed 

in a range of deformation temperatures of 800 - 1,390 °C at a constant tensile rate of 1 mm·s-1, the strength 

and plastic properties of both investigated alloys were examined. In comparison to the Invar 36 alloy, 

the Incoloy 800HT alloy showed in the whole range of deformation temperatures a higher strength. 

A nil-ductility temperature of the Incoloy 800HT and Invar 36 alloys was 1310 °C and 1390 °C, respectively. 

A difference between the nil-strength temperature and the nil-ductility temperature was in the case of the 

Incoloy 800HT and Invar 36 alloy established as 38 °C and 29 °C, respectively. 

Keywords: Incoloy 800HT, Invar 36, nil-strength temperature, nil-ductility temperature 

1. INTRODUCTION 

The main aim of the presented work is a research of the high temperature strength and plastic properties 

of two selected alloys, based on Fe-Ni-Cr (Incoloy 800HT) and Fe-Ni (Invar 36). The secondary aim is 

a determination of the nil-strength temperature and nil-ductility temperature of both investigated alloys. 

For an experimental examination of the strength and plastic properties at high temperatures it is suitable to 

use uniaxial tensile tests or torsion tests to a rupture of a tested specimen [1-3]. By using of universal 

plastometers of the Gleeble type it is possible to determine (among other things) the nil-strength temperature 

and nil-ductility temperature of the investigated metal material [4-9]. The nil-strength temperature NST (°C) is 

defined as a temperature associated with a loss of all strength of metal due to the melting of grain boundaries. 

After reaching of this temperature materials cannot withstand any load. The nil-strength temperature is very 

important for the study of brittleness of metal materials at high temperatures [6-9]. The nil-ductility temperature 

NDT (°C) corresponds to a temperature at which the ductility of the material is equal to zero (achieving of 100 

% brittleness). The value of the nil-ductility temperature NDT (°C) can be determined by using of tensile tests 

with a direct heating to the deformation temperatures [4,7-9]. 

The Incoloy 800HT alloy is characterized by high strength and corrosion resistance at high temperatures. 

Thanks to these properties, the Incoloy 800HT alloy is used in the aerospace industry, at a construction of 

rocket engines or turbines and in the chemical or petrochemical industry. In addition, this alloy is used at a 
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construction of catalytic and convection pipelines and for high-temperature heat exchangers in gas-cooled 

nuclear reactors [10-12]. The Invar 36 alloy is widely known for its very low thermal expansion which is close 

to zero. This fact makes this alloy one of the most effective for use in precision instruments, magnetic rectifiers, 

relays, transformer sheets, dynamo sheets, radio and electronic equipment, aircraft equipment, optical and 

laser systems. In addition, this alloy can be used for storage and transport of cryogenic liquids [13-15]. 

2. EXPERIMENT DESCRIPTION 

For the purposes of the presented work, two progressive alloys, based on Fe-Ni-Cr (Incoloy 800HT) and 

Fe-Ni (Invar 36), were selected. The chemical composition of the investigated alloys, which were delivered in 

the initial state after cold drawing and annealing, is shown in Table 1. 

Table 1 Chemical composition of the investigated alloys in wt. % 

Alloy C Si Mn Cr Cu Co Ni Ti Al P S Fe 

Incoloy 
800HT 

0.071 0.46 0.87 19.57 0.32 - 30.67 0.60 0.42 0.025 0.001 46.62 

Invar 
36 

0.043 0.15 0.40 - - 0.013 36.01 - - - - 63.38 

By using of hot tensile tests, which were realized on the simulator HDS-20, the strength and plastic properties 

of both investigated alloys were experimentally determined. 

By using a special type of a hot tensile test, the nil-strength temperature of the investigated alloys was 

determined. For these purposes the cylindrical specimens with a diameter of 6 mm and length of 81 mm were 

prepared from both investigated alloys. These specimens were then heated up in two stages by electrical 

resistant heating, and there was applied a small constant tensile force of 80 N to the specimens during the 

whole test. The specimens were heated up at a rate of 20 °C·s-1 to the temperature of 1,100 °C, and then 

slowly heated at a rate of 2 °C·s-1 from this temperature to the moment of their rupture. 

In order to eliminate possible inhomogeneities in the investigated alloys and make a statistical evaluation, this 

test was performed 3 times in the same conditions. 

By using of the continuous uniaxial tensile tests to rupture, the strength and plastic properties of the 

investigated alloys at high temperatures were examined. For these purposes, the cylindrical specimens with 

a diameter of 10 mm and length of 116.5 mm, which were threaded at the ends, were prepared 

from the investigated alloys. These specimens were then attached into stainless steel jaws with a partial 

contact area and electrical resistance heated with a rate of 10 °C·s-1 directly to the deformation temperatures 

which were selected in a range of 800 °C - 1,390 °C. After a uniform 4-minute dwell time at the deformation 

temperature, the specimens were deformed at a constant tensile rate of 1 mm·s-1, which corresponds to the 

mean strain rate at the beginning of the test - ca. 0.1 s-1, until their rupture.  

3. PROCESSING OF MEASURED DATA AND DISCUSSION OF RESULTS 

The experimentally determined nil-strength temperature corresponds to the highest value of the registered 

temperature at a moment of rupture of the tested specimen (due to the combination of melting of grain 

boundaries and the effect of a very small tensile force). This phenomenon is easily identifiable because it is 

accompanied by a steep decrease of the measured temperature (see Figure 1 and Figure 2). The mean 

values NST(mean) (°C) and standard deviations of the measured nil-strength temperatures of the investigated 

alloys were subsequently determined. For the Inconel 800HT alloy was NST(mean) = 1,348 °C (standard 

deviation of 4.8 °C) and for the Invar 36 alloy was NST(mean) = 1,419 °C (standard deviation of 5.9 °C). 

The determined nil-strength temperatures of both investigated alloys correspond to solidus temperatures 
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which were calculated by simulations in the JMatPro software. The solidus temperatures of 1,358 °C and 

1,439 °C were determined for the Incoloy 800HT and Invar 36 alloys, respectively. The determined nil-strength 

temperatures are lower than the solidus temperatures of both investigated alloys, which corresponds to the 

results of the works [4,6]. 

  

Figure 1 The measured nil-strength temperature 

of the Incoloy 800HT alloy 
Figure 2 The measured nil-strength temperature 

of the Invar 36 alloy 

From the data registered during the continuous 

uniaxial tensile tests, tensile diagrams documenting 

the relationships between the measured force and the 

total elongation were prepared - see examples in 

Figure 3. From these diagrams it was possible to 

determine the maximum force values Fmax. (kN) and 

total elongation to the rupture L (mm). These values 

were then used for the calculation of the contractual 

hot ultimate tensile strength UTSH (MPa) and hot 

ductility AH (%) of all ruptured specimens: 

 

T?LU � V@W�. X 1000L3  (1) 
Figure 3 Selected tensile diagrams 

of Incoloy 800HT alloy 

�U � YZZ3 X 100 (2) 

where S0 (mm) is the initial cross-sectional area of the tested specimens and L0 (mm) is the measured length 

which was equal to 20 mm (in the case of the used jaws from stainless steel and the dimensions of the tested 

specimens). The hot reduction of area RAH was expressed by cross-sectional areas of tested specimens after 

rupture S1 (mm2) and initial cross-section S0 = 78.5 mm2: 

[�U � L3 " L9L3 X 100 (3) 

With an increase of deformation temperature, the deformation resistance and related contractual hot ultimate 

tensile strength decreased (see Figure 4). In comparison to the Invar 36 alloy, the Incoloy 800HT alloy showed 

in the whole range of deformation temperatures a higher strength. The higher hot ultimate contractual tensile 

strength of Incoloy 800HT alloy, which manifested itself significantly especially at temperatures 

of 800 - 1,100 °C, can be explained by the high chromium content and the alloying of this alloy also with 

aluminum and titanium (compared to the Invar 36 alloy). In nickel alloys, chromium is partially dissolved in the 

basic matrix and the rest is involved in the formation of complex carbides which main function is to increase 
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the heat resistance of these alloys. Chromium, generally in the solid solution, strengthens the basic matrix 

and, in the case of austenitic-type alloys, also reduces the recrystallization capabilities, which results in an 

increase of deformation resistance of the alloy. Aluminum and titanium enable a higher hardness of nickel-

based superalloys because they form intermetallic precipitates with nickel Ni3(Al,Ti), which reach high creep  

limits [16-18]. 

The hot plastic properties, expressed by hot ductility 

and reduction of area, of both investigated alloys can 

be seen in Figure 5. The Incoloy 800HT alloy 

shoved, especially in the temperature range 800 - 

1,070 °C, lower plastic properties than Invar 36 alloy, 

which can be explained by the high chromium 

content (approx. 20 wt. %) in the Incoloy 800HT 

alloy. In comparison to the Invar 36 alloy, the Incoloy 

800HT alloy showed at deformation temperatures 

above 1,200 °C earlier and rapid decrease of plastic 

properties (hot ductility and reduction of area of 

tested specimens). This decrease of plastic 

properties of both investigated alloys at high 

temperatures was probably caused due to their 

overheating and burning. 

  

a) Hot Ductility b) Reduction of Area 

Figure 5 The plastic properties of the investigated alloys 

The Incoloy 800HT alloy showed the maximal plastic properties at the temperature range of 1,100 - 1,250 °C 

(with a local maximum at 1,200 °C). The Invar 36 alloy showed the maximal plastic properties around the 

temperature of 1,050 °C. Based on the results of the uniaxial tensile tests, the nil-ductility temperature of 

1,310 °C for the Incoloy 800HT alloy and 1,390 °C for the Invar 36 alloy was determined (see Figure 5). 

The Invar 36 alloy therefore showed an 80 °C higher nil-ductility temperature than Incoloy 800HT alloy. 

The difference between the nil-strength temperature and the nil-ductility temperature was in the case of the 

Incoloy 800HT alloy 38 °C, and 29 °C in the case of the Invar 36 alloy. Determined differences between the 

nil-strength temperature and nil-ductility temperature of both investigated alloys corresponds to the results in 

the works [5,7,8] in which the difference between the nil-strength temperature and the nil-ductility temperature 

of the investigated steels was on average 31 °C with a deviation of ± 8 °C. 

From the point of view of formability, it is interesting a local decrease of plastic properties of the Invar 36 alloy 

in the temperature range of 1,050 - 1,200 °C, which was determined also in the work [13]. In the case of the 

 

Figure 4 The contractual hot ultimate tensile 
strength of the investigated alloys 
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Incoloy 800HT alloy around the temperature 1,050 °C, a similar anomaly deviating from the dependence of 

plastic properties on the deformation temperature was found. For the reason of finding the causes of these 

declines, or changes in the trend, metallographic analyses were additionally performed. The aim of these 

analyses was to characterize the initial structural state of both investigated alloys at selected temperatures. 

Both investigated alloys showed an initial austenitic structure after heating to the selected temperatures (see 

examples in Figure 6), which was also confirmed by simulations of heating of the investigated alloys in the 

JMatPro software. The structure of the Invar 36 alloy in all cases contained a relatively large amount of black 

formations which are probably carbides. SEM and EDS analysis of these samples would be necessary to 

accurately identify these formations. However, the metallographic analyses and simulations in the JMatPro 

software did not provide the necessary explanation for the decrease of plastic properties in the given range of 

deformation temperatures. 

  

a) Incoloy 800HT alloy - temperature of 1,050 °C b) Invar 36 alloy - temperature of 1,150 °C 

Figure 6 Example of photo documentation of initial structure after heating of investigated alloys 

4. CONCLUSIONS 

The high temperature strength and plastic properties of Incoloy 800HT and Invar 36 alloys were investigated 

by using of the simulator HDS-20. 

The nil-strength temperature of 1,348 °C for the Incoloy 800HT alloy and 1,419 °C for the Invar 36 alloy was 

determined. In comparison to the Invar 36 alloy, the Incoloy 800HT alloy showed in the whole range 

of deformation temperatures a higher contractual ultimate tensile strength. The Incoloy 800HT alloy showed 

the max. plastic properties at a temperature range of 1,100 - 1,250 °C (with a local maximum at 1,200 °C). 

The Invar 36 alloy showed the maximal plastic properties around the temperature 1,050 °C. The nil-ductility 

temperature of 1,310 °C for the Incoloy 800HT alloy and 1,390 °C for the Invar 36 alloy was determined. 

From the point of view of formability, an interesting local decrease of plastic properties of the Invar 36 and 

Incoloy 800HT alloys was found in the temperature range of 1,050 - 1,200 °C and around the temperature of 

1,050 °C, respectively.  

The achieved results can be used for an optimization of heating and forming temperatures, or for processes 

associated with a welding of both investigated nickel alloys. 

ACKNOWLEDGEMENTS 

The article was created thanks to the project No. CZ.02.1.01/0.0/0.0/17_049/0008399 from the EU and 
CR financial funds provided by the Operational Programme Research, Development and Education, 
Call 02_17_049 Long-Term Intersectoral Cooperation for ITI, Managing Authority: Czech Republic - 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

281 

Ministry of Education, Youth and Sports and within the students’ grant projects SP2021/73 supported 
at the VŠB - TU Ostrava by the Ministry of Education, Youth and Sports of the Czech Republic. 

REFERENCES 

[1] ARJMAND, M., ABBASI, S.M., KARIMI TAHERI, A., MOMENI, A. Hot workability of cast and wrought Ni-42Cu 

alloy through hot tensile and compression tests. Transactions of Nonferrous Metals Society of China. 2016, vol. 
26, no. 6, pp. 1589-1597. 

[2] WEN, D.X., WANG, J.K., WANG, K., XIONG, Y.B., HUANG, L., ZHENG, Z.Z., LI, J.J. Hot tensile deformation and 
fracture behaviors of a typical ultrahigh strength steel. Vacuum. 2019, vol. 169, article no. 108863. 

[3] KAWULOK, P., OPĚLA, P., KUBINA, T., SCHINDLER, I., BOŘUTA, J., ČMIEL, K.M., RUSZ, S., LEGERSKI, M., 
ŠUMŠAL, V. Deformation behaviour of low-alloy steel 42CrMo4 in hot state. In: Metal 2011, 20th Anniversary 

International Conference on Metallurgy and Materials. Ostrava: TANGER, 2011, pp. 350-356. 

[4] TABAIE, S., SHAHRIARI, D., PLOUZE, C., DEVAUX, A., CORNIER, J., JAHAZI, M. Hot ductility behavior of 

AD730™ nickel-base superalloy. Materials Science and Engineering: A. 2019, vol. 766, article no. 138391. 

[5] SAWICKI, S., DYJA, H., KAWALEK, A., KNAPIŃSKI, M., KWAPISZ, M., LABER, K. High-temperature 

characteristics of 20MnB4 and 30MnB4 micro-addition cold upsetting steels and C45 and C70 high-carbon-steels. 
Metalurgija. 2016, vol. 55, no. 4, pp. 643-646. 

[6] KAWULOK, P., SCHINDLER, I., SMETANA, B., MORAVEC, J., MERTOVÁ, A., DROZDOVÁ, L., KAWULOK, R., 
OPĚLA, P., RUSZ, S. The Relationship between Nil-Strength Temperature, Zero Strength Temperature and 

Solidus Temperature of Carbon Steels. Metals. 2020, vol. 10, no. 3, article no. 399. 

[7] KAWULOK, P., KAJZAR, P., SCHINDLER, I., KAWULOK, R., KUBINA, T., NAVRÁTIL, H. The high-temperature 

strength and plastic properties of selected low-alloyed Cr-Mo steels. In: Metal 2019, 28th International Conference 
on Metallurgy and Materials. Ostrava: TANGER, 2019, pp. 414-420. 

[8] KUZSELLA, L., LUKÁCS, J., SZÜCS, K. Nil-strength Temperature and Hot Tensile Tests on S960QL High-
strength Low-alloy Steel. Production Processes and Systems. 2013. vol. 6, no. 1, pp. 67-78. 

[9] MANDZIEJ, S. T. Physical Simulation of Metallurgical Processes. Materials and Technology. 2010, vol. 44, no. 3, 
pp. 105-119. 

[10] ROY, A.K., VIRUPAKSHA, V. Performance of alloy 800H for high-temperature heat exchanger applications. 
Materials Science and Engineering: A. 2007, vol. 452-453, pp. 665-672. 

[11] MAHESWARAN, C.B., BHARATHI, R.J., JOSHUA, S.P., SRIRANGAN, A.K. Optimisation of laser welding 
parameters for incoloy 800HT joints using Grey-fuzzy Taguchi approach. Materials Today: Proceedings. 2018, 

vol. 5, no. 6, pp. 14237-14243. 

[12] AKHIANI, H., NEZAKAT, M., PENTTILÄ, S., SZPUNAR, J.The oxidation resistance of thermo-mechanically 

processed Incoloy 800HT in supercritical water. The Journal of Supercritical Fluids. 2015, vol. 101, pp. 150-160. 

[13] YU, Y., CHEN, W., ZHENG, H. Effects of Ti-Ce refiners on solidification structure and hot ductility of Fe-36Ni invar 

alloy. Journal of Rare Earths. 2013, vol. 31, no. 9, pp. 927-932. 

[14] TIRSATINE, K., AZZEDDINE, H., BAUDIN, T., HELBERT, A.L., BRISSET, F., ALILI, B., BRADAI, D. Texture and 

microstructure evolution of Fe-Ni alloy after accumulative roll bonding. Journal of Alloys and Compounds. 2014, 
vol. 610, pp. 352-360. 

[15] WEI, K., YANG, Q., LING, B., YANG, X., XIE, H., QU, Z., FANG, D. Mechanical properties of Invar 36 alloy 
additively manufactured by selective laser melting. Materials Science and Engineering: A. 2020, vol. 772, article 

no. 138799. 

[16] SKOČOVSKÝ, Petr. Konštrukčné materiály (Construction materials). Žilina: ŽU, 2000. 

[17] TAN, L., ALLEN, T.R., YANG, Y. Corrosion behavior of alloy 800H (Fe-21Cr-32Ni) in supercritical water. 
Corrosion Science. 2011, vol. 53, no. 2, pp. 703-711. 

[18] ŽÍDEK, M. Metalurgická tvařitelnost ocelí za tepla a za studena (Hot and cold metallurgical formability of steels). 
Praha: Aleko, 1995. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

282 

INNER SURFACE ROUGHNESS EVOLUTION AND SLIP DEFORMATION OF MICRO METAL 

TUBE DURING HOLLOW SINKING 

1,6Saki SUEMATSU, 1*Takuma KISHIMOTO, 1Hayate SAKAGUCHI, 4Kenichi TASHIMA, 
5Satoshi KAJINO, 5Shiori GONDO, 1,2,3Shinsuke SUZUKI 

1Department of Applied Mechanics and Aerospace Engineering, Faculty of Science and Engineering, 

Waseda University, Shinjuku, Tokyo, Japan 

2Department of Materials Science, Faculty of Science and Engineering, Waseda University, Shinjuku, Tokyo, 

Japan  

3Kagami Memorial Research Institute for Materials Science and Technology, Waseda University, Shinjuku, 

Tokyo, Japan 

4Factory-Automation Electronics Inc., Osaka, Osaka, Japan  

5Advanced Manufacturing Research Institute, Department of Electronics and Manufacturing, National 

Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki, Japan 

6suematsu_s@asagi.waseda.jp 

*Present affiliation is Department of Mechanical and Biofunctional Systems, Institute of Industrial Science, 

The University of Tokyo, Meguro, Tokyo, Japan  

https://doi.org/10.37904/metal.2021.4100 

Abstract 

This study aimed to clarify the effect of the activity of the multiple slip systems on the height change of each 

grain of the inner surface of tube during the hollow sinking. A stainless steel tube with an outer diameter of 

1.50 mm, and a wall thickness of 0.045 mm, which had only one grain across the wall thickness, was used as 

a starting material. The starting material was drawn without an inner tool in a single pass. The height 

unevenness and crystal orientation of the inner surface of the drawn tube were examined in the same 

measurement area using a laser microscope and an electron back scattered diffraction, respectively. The 

Schmid factor was calculated for each grain using the crystal orientation and the stress state which is the 

tensile and compressive in the drawing and transversal directions, respectively. The grains were generally 

convex when the calculated strain was positive, vice versa. The calculated strain is the sum of the deformations 

of the multiple slip systems with large Schmid factors where slip strain  was replaced with the Schmid factor. 

It was suggested that the height unevenness of the inner surface of the grains are caused by the multiple slip 

deformation in the drawing of micro metal tubes with a small number of grains across the wall thickness. 

Therefore, it is expected that the unevenness of the grains can be simply predicted. 

Keywords: Hollow sinking, cold drawing, crystal deformation, EBSD, surface roughening 

1. INTRODUCTION 

Micro metal tubes are used for injection needles and heat exchangers [1], and are required to have a small 

diameter, thin wall, and smooth inner surface. In conventional hollow sinking, the increase in wall thickness 

was unavoidable. However, Kishimoto et al. proposed a method to control the drawing speed ratio at the 

entrance and exit side of the die, which enabled the hollow sinking of micro metal tubes without increasing the 

wall thickness [2]. Thus, hollow sinking process is suitable for the manufacturing of small-diameter tubes 

because it does not require an inner tool. However, the inner surface is simply roughened due to free surface 
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roughening. Therefore, it is necessary to clarify the mechanism of surface roughening of the inner surface. 

Several studies [3-7] have been performed on the free surface roughening of sheet metals as follows. 

Zhao et al. performed tensile tests and finite element method analysis of aluminum specimens with a single 

number of grains in the thickness direction. They reported that grains were deformed mainly due to the slip 

deformation in slip systems with maximum Schmid factor, and that the less constrained grains deformed 

significantly [3]. Balusu et al. performed uniaxial tensile tests on nickel polycrystalline sheets and crystal 

plasticity finite element method simulations in which grains were embedded in the homogeneous material and 

factors other than orientation were removed. As a result, it was found that the height change of each grain was 

approximately represented by several active slip systems, and that grains with loading directions close to 

<001> and <111> tended to sink [4]. Kubo et al. found that under equal biaxial tension, grains with a {001} 

orientation sink due to their low deformation resistance and develop surface roughness due to the difference 

in deformation resistance between them and their surroundings [5]. Wouters et al. performed tensile tests on 

plates and found that the cumulative Schmid factor must be taken into account when multiple grains are 

included in the thickness direction [6]. On the other hand, the relationship between crystal orientation and inner 

surface roughness of tubes has been rarely studied due to the difficulty of measurement of the crystal 

orientation of the inner surface. However recently our research group has made it possible to measure the 

height distribution and crystal orientation of the inner surface of tubes by high-precision mirror polishing. 

Kishimoto et al. suggested that the {102} plane was oriented in the thickness direction (ND) in the hollow 

sinking, where the wall thickness is controlled to decrease during drawing, thereby suppressing the 

development of surface roughness [7]. However, the relationship between the crystal orientation and the 

surface roughness evolution has not been clear.  

Therefore, we conducted a new analysis of the from our previous experiments from the viewpoint of slip 

deformation. It is considered that the height unevenness of the inner surface can be expressed from the 

deformation of the crystal grains by multiple slip systems during the hollow sinking. This study aimed to clarify 

the effect of the activity of the multiple slip systems on the height change of each grain of the inner surface of 

the tube during the hollow sinking. 

2. EXPERIMENTAL METHOD 

The present experiment is the same as the one performed in our previous reserach [8]. A stainless steel tube 

with an outer diameter of 1.50 mm and a wall thickness of 0.045 mm was used as a starting material. The 

chemical composition of the tube is shown in Table 1. The starting material was manufactured by Fuji Seiko 

Co., Ltd. (Shizuoka, Japan) by drawing with plugs and annealed at 1273K for 20 s. The tube was additionally 

annealed at 1273 K for 60 min by Tamayakin Co., Ltd (Tokyo, Japan) to coarsen the crystal grains to have 

only one grain across the wall thickness.  

Table 1 Chemical composition of the stainless steel (SUS304) tube used in this study (mass%). This table is  

              reprinted with permission from the publisher of the Ref. [6]. 

C Si Mn P S Ni Cr Fe 

0.06 0.49 1.78 0.031 0.002 9.21 18.41 Bal. 

The starting material was drawn using a die with a diameter of 1.37 mm at a drawing speed ratio of 1.14 using 

a draw-bench machine (Factory-Automation Electronics Inc., Osaka, Japan) [6] shown in Figure 1.  

The wall of the starting material and drawn tube were scraped to expose the inner surface. The 

microphotographs and height maps of the inner surface were obtained using a laser microscope (VK9510, 

Keyence, Miyagi, Japan). After that, the tubes were mirror-polished and crystal orientations were obtained 

using an electron back scattered diffraction (EBSD) (OIM7, TSL, Kanagawa, Japan) in the same field of view 

as the height map. 
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Figure 1 Schematic illustration of the draw-bench machine (Factory-Automation Electronics Inc.). This figure 

is reprinted with permission from the publisher of the Ref. [7].  

3. RESULTS 

Figure 2 shows the microphotographs, height maps, and IPF maps of the starting material and the drawn tube 

[7]. In the height map, the average height in the measurement field of view is defined as 0 m, and the 

difference from that is defined as h. The IPF maps show the average orientation of each grain using MTEX [8], 

a toolbox of MATLABTM(R2020a, MathWorks, Massachusetts, USA). The absolute value of the unevenness 

height in the height map increases, indicating that the inner surface was roughened during the hollow sinking. 

Lines that can be considered as grain boundaries were confirmed in the micrograph at almost the same 

positions as the grain boundaries shown on the IPF map. Thus, the unevenness of each grain can be 

determined using the height map. The grains are numbered to understand the correspondence between the 

height map and the IPF map simply. 

 
Figure 2 Microphotographs, height maps, and IPF maps of the inner surface of the starting material and 

drawn tubes in the same measurement area. The grains of interest are assigned a number (Grain-ID). The 

symbols DD, TD, and ND stand for the drawing direction, transversal direction, and normal direction to the 

inner surface, respectively. This figure is reprinted with permission from the publisher of the Ref. [7]. 

4. DISCUSSION 

For the grains numbered in Figure 2, the relationship between the crystal orientation and the unevenness was 

examined. Figure 3 shows the schematic illustration of the relationship between the drawn tube and crystal 

grains.   
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Figure 3 Schematic illustration of the relationship between the drawn tube and crystal grains: a) Schematic 

illustration of the hollow sinking, b) crystal grains of the drawn tube, and c) a slip system and stress state of a 

crystal. The red and blue arrows are tensile and compressive stress, respectively. The symbols DD, TD, and 

ND stand for the drawing direction, transversal direction, and normal direction to the inner surface, 

respectively. 

Table 2 shows the slip systems of FCC metal, one of which is SUS304. The Schmid factors (Sf) for the slip 

systems for each grain were obtained using equation (1), where (hkl)[uvw] is a slip system  and [UVW] is the 

direction of principal stress. Here, the slip system is transformed to the sample coordinate system and 
normalized. For simplicity, it is assumed that the stress state on the tube was tensile in the drawing 

direction(DD), compressive in the transversal direction(TD), and negligible in the normal direction(ND) because 

it is sufficiently small compared to the stresses in DD and TD [7]. Therefore, [UVW] is defined as [-1 1 0]. As 

an example, the Schmid factors of Grain-1 are shown in Figure 4. Slip system No. is correspond to the No. in 

Table 2. 

 

                   (1) 

Table 2 Slip systems of a FCC metal 

No. Slip system 

1 (1 1 1)[0 1 1�)  
2 (1 1 1)[1� 0 1]  

3 (1 1 1)[1 1� 0] 

4 (1 1 1�)[1 1� 0] 

5 (1 1 1�)[1 0 1] 

6 (1 1 1�)[0 1 1] 

7 (1� 1 1)[0 1 1�] 

8 (1� 1 1)[1 0 1] 

9 (1� 1 1)[1 1 0] 

10 (1 1� 1)[1� 0 1] 

11 (1 1� 1)[1 1 0] 

12 (1 1� 1)[0 1 1] 
 

 

Figure 4 Schmid factors of Grain-1 in Figure 2. Slip system No. 

is correspond to the No. in Table 2. 

Assuming that the strain is small and the lattice rotations are negligible, the grain deformation can be calculated 

using strain transformation [9]. Equation (2) shows the strain when a slip system , (hkl)[uvw] is active. The 

parameter  is the slip strain. The strain in the inner surface direction is wl.  
  

 Sf  � �hU+kV+lW)(uU+vV+wW�
�U 2+V 2+W 2�√h 2+k 2+l 2√u 2+v 2+w 2 
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                (2) 

 

 

Manual calculation of  considering time variation of stress and Euler angle is complicated and difficult. When 

the Schmid factor of a slip system is large, the slip strain  tends to be large as well. Therefore, the slip strain 

 was substituted for the Schmid factor in equation (2). Here, Figure 5 shows the schematic illustration of a 

crystal grain of the tube, ignoring the transversal direction. The lower surface is the die side and the upper 

surface is the inner surface. In this experiment, the wall thickness of the tube and the size of the crystal grain 

are the same. The red and blue lines represent the slip systems. When the grain is subjected to stress, slip 

deformation occurs in the slip system shown by the bold lines, and the grains deform as shown in Figure 5 a) 

to b). The change in shape from a) to b) is judged to be concave, because the thickness of the grain after the 

deformation t’ is smaller than the original thickness t. Here, we ignore the fine irregularities in the crystal grains 

and focus on the deformation of the grain as a whole, shown in gray. Although not represented in Figure 5 

due to its simplicity, the grain can be convex when multiple slip systems are active in biaxial stress state in 

three dimensions. 

 

Figure 5 Schematic illustration of the crystal deformation caused by the activity of multiple slip systems 

represented by the red and blue lines in two dimensions. The gray areas surrounded by the dotted lines are 

the approximate shape of the entire crystal: a) Before the deformation. The arrows are tensile stress. t is the 

original thickness of the grain, and b) after the deformation. Slip occurred on the slip systems of the bold 

lines. t' is the thickness of the grain after the deformation. 

The same process is applied in three dimensions to consider the deformation toward the inner surface of the 

tube. The strain in the inner direction is calculated by adding up the strain of slip systems with large Schmid 

factors. The grain is convex when the value is positive, and concave when it is negative. Table 3 shows the 

calculated values and the unevenness obtained from the height map for each grain.  

Table 3 Calculated strain in the inner surface direction and experimental results of unevenness of the crystal  

             grains 

Grain-ID Assumed strain: one slip system Assumed strain: four slip systems Unevenness 

1 0.074 0.214  Convex 

2 0.060 -0.025  Concave 

3 0.006 0.223 Convex 

4 -0.031 -0.180  Flat (concave) 

5 -0.056 0.090  Flat (concave) 

6 -0.007 0.030  Convex 

7 0.061 -0.086  Concave 

  � 
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Basically, we defined red-dominated grains as convex, blue-dominated grains as concave, and green-

dominated grains as flat in the height map shown in Figure 2. For flat grains, whether they are convex or 

concave compared to the surrounding grains is indicated in parentheses. A comparison of the assumed strains 

with the obtained unevenness of the heights shows that they agreed better when four slip systems were 

considered than when only one was considered. Therefore, it is suggested that the change in height of the 

inner surface of the grains could be approximately explained by adding up the deformations caused by several 

active slip systems calculated using the Schmid factor, where slip strain is replaced by Schmid factor. 

5. CONCLUSION 

When the strain calculated by adding up the deformations of multiple slip systems, where the slip strain  was 

replaced by the Schmid factor, is positive or negative, the grains are generally convex or concave, respectively. 

Therefore, it is expected that the unevenness of the grains can be simply predicted in the drawing of micro 

metal tubes with a small number of grains across the wall thickness. 
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Abstract   

Steel is an integral part of today's life. To obtain the desired mechanical properties of hot rolled steel plates or 

strips, it is necessary to predict and control the cooling process. Cooling of a hot rolled strip on a run-out table 

or in a continuous annealing line is commonly realized by laminar and spray cooling, and involves a large 

amount of water, which impinges on the hot surface of the steel. Water is accumulated on the upper surface, 

which means the jets do not have a direct impact on the steel surface and the cooling intensity is changed. 

The cooling process is also affected by the remaining water layer that remains on the surface after cooling. 

This thin layer occurs both on the upper and the bottom surface, and also for light sprays. The remaining water 

can significantly influence the final temperature of the steel strip if the target temperature is below 500 °C. In 

this article, the effect of remaining water on cooling is experimentally investigated. A full cone spray nozzle is 

used for the measurements and the cooling in different areas (under the nozzle, outside the nozzle spray) is 

studied. 

Keywords: Steel, remaining water, cooling, heat transfer coefficient 

1. INTRODUCTION 

Steel is a basic material in the machinery and construction industries, but it is also used for example in 

healthcare or in everyday life. Steel is processed by hot rolling, cold rolling, quenching or other methods into 

the required products. Hot rolling is one of the most common ways of processing steel. The output of hot rolling 

is semi-finished products or final products like steel sheets, plates, wires, rails, etc. After the steel leaves the 

last rolling mill, it is cooled to the required final temperature on a run-out table (ROT). To achieve quality steel 

products with the desired mechanical and physical properties while keeping costs low, the cooling must be 

controlled. Achieving the appropriate cooling settings is a complicated process, because the cooling is 

influenced by many parameters, such as nozzle type, water flow rate, water temperature, surface temperature 

of the steel, velocity of the steel strip [1-4], surface roughness, presence of oxide, and accumulated and 

remaining water [5-9]. Many researchers have already worked on improving the cooling process, but there are 

still problems, such as low cooling efficiency, poor cooling uniformity and in particular reaching the exact final 

temperature when the target temperature is below 500 °C. [9,10]. 

The cooling on the ROT (or in the continuous annealing line) is connected with the large amount of water that 

impinges on the hot surface of the steel strip. This leads to the accumulation of water on the upper surface of 

the steel strip in the cooling section. The accumulated water stops jets having a direct impact on the steel 

surface, and also causes overcooling of edges and influences the cooling intensity [11]. The situation where 

the single circular water jet does not impinge on the steel surface directly but instead impinges on a surface 

covered with water was investigated by Fujimoto et al. [12]. Cho et al. [13] studied the cooling on the ROT and 

they developed an equation to predict the height of accumulated water from the water flow rate, nozzle spacing, 

and strip width. 
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Cooling is also affected by the remaining water layer that remains on the surface after cooling. In contrast to 

accumulated water, the remaining water layer occurs not only on the upper surface, but also on the bottom 

surface (Figure 1). This thin layer can also be observed for light spray. In our previous research [9] (where the 

effect of the remaining water layer on the final temperature of the steel strip was investigated based on 

numerical simulations with experimentally obtained boundary conditions) it was found that the remaining water 

layer has a big influence on the final temperature when the target temperature is below 500 °C. These findings 

were also confirmed by a steel producer. 

Almost no studies deal with the problematics of remaining water and therefore there is a lack of information 

about the influence of remaining water on cooling. In this study, the effect of remaining water on cooling is 

experimentally investigated. 

 

Figure 1 Remaining water during cooling 

2. EXPERIMENT DESCRIPTION AND EVALUATION 

The measurements of the heat transfer coefficient (HTC) during water cooling were done in Heat Transfer and 

Fluid Flow Laboratory on a laboratory test bench with linear movement of the test plate. The scheme of this 

test bench can be seen in Figure 2. The velocity during measurements performed in this study was 5 m/s. 

A test plate made from austenitic steel (320x300x25 mm) was used for all measurements. The test plate was 

equipped with K-thermocouples located 0.8 mm under the cooled surface and attached to the carriage. Before 

each experiment, the test plate was placed in the electric heater and was heated to a temperature of 820 °C. 

After that, the test plate was placed in the upper position as shown in Figure 2 and the carriage with the test 

plate moved repeatedly under the nozzle at a velocity of 5 m/s until the test plate temperature dropped to 

approx. 50 °C. Temperature history and position information were recorded throughout the experiment and at 

the end of the experiment these data were downloaded to the computer. 

The inverse computation was done to obtain the time dependent HTC and the time dependent surface 

temperature from the measured temperature history [14]. Based on the inverse computation and information 

about the position of the test plate, HTC can be evaluated as a function of test plate position and surface 

temperature (Figure 4). The position 1940 mm on the x axis in Figure 4 is the position directly under the 

nozzle. HTC as a function of position and surface temperature was used for analysis of the influence of the 

remaining water on cooling. 

A full cone spray nozzle with the spray angle of 60° was used. The flow rate was 0.56 l/s at 0.25 MPa and 1.06 

l/s at 1 MPa. The spray distance was 500 mm. 

Water knife 

Remaining 
water 

Guide rolls 
Steel strip 

Laminar 
cooling 

Spray 
cooling 

Accumulated 
water 
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Figure 2 Experimental test bench for HTC measurements 

Cooling was investigated in four different cooling areas as shown in Figure 3. Area “A” represents the situation 

where part of the test plate enters under the water spray, but the area where thermocouples are installed is 

still out of the direct impact of the water spray (position 1510-1659 mm). Area “B” is a zone where the 

thermocouples are directly under the water spray (position 1660-2219 mm). Area “C” is similar to area “A”, but 

the difference is that the test plate leaves the water spray (position 2220-2369 mm). The last cooling area is 

area “D”. The whole test plate is out of the water spray here (position 2370-5620 mm). The thermocouples 

were placed on the axis of the test plate (centre of the test plate in the direction of movement). 

 

Figure 3 Investigated cooling areas 

3. RESULTS 

Two measurements were conducted at different flow rates - experiment E1 (flow rate 0.56 l/s at 0.25 MPa) and 

experiment E2 (flow rate 1.06 l/s at 1 MPa). The obtained HTC functions are shown as a function of test plate 

position and surface temperature in Figure 4. Data from the thermocouple located in the center of the test 

plate was used. 
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Figure 4 HTC as a function of test plate position and surface temperature (left graph: experiment E1; right 

graph: experiment E2) 

3.1. Cooling in all areas 

The HTC and the heat flux are shown in Figure 5 as a function of position. This dependence can be obtained 

from Figure 4 for a specific surface temperature. In the case of Figure 5, the surface temperature was set to 

150 °C. The cooling areas “A”-“D” are shown in Figure 5 in the right graph. It can be seen that cooling is 

significant not only in area “B”, where the test plate is directly under the water spray, but also in areas “C” and 

“D”. In area “D” there is no spraying water on the surface and heat transfer is realized only by evaporation of 

remaining water and radiation.  

 

Figure 5 HTC and heat flux dependent on the position for the surface temperature 150 °C 

The heat removed from the steel plate was calculated in each area for a surface temperature in the range of 

50 - 800 °C. The computed percentage share of the removed heat per unit time is shown in Figure 6 for each 

area “A”-“D”. There is also information on how much heat is transferred to the surroundings by radiation. It is 

evident from Figure 4 that the effect of the remaining water becomes significant for surface temperatures 

below 500 °C because HTC is also high in area “D” (above 2370 mm). Also, it can be seen that the biggest 

influence of the remaining water is for a surface temperature of around 150 °C when intensive boiling occurs. 

Around this surface temperature, area “D” with the remaining water is responsible for almost 15 % of the 

removed heat from steel per unit time (Figure 6). 

“A” “B” “C” “D” 
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Figure 6 The percentage share of the removed heat per unit time in each cooling area and amount of heat 

transferred to the surroundings by radiation (left graph: experiment E1; right graph: experiment E2) 

3.2. Cooling in area “D” 

The cooling in area “D” was investigated in more detail for a better understanding of the influence of the 

remaining water. The area was divided into four equally-sized sub-areas Q1, Q2, Q3 and Q4, where Q1 is the 

sub-area near the water cooling and Q4 is farthest from the water cooling. The average heat flux is shown in 

Figure 7 for each sub-area Q1-Q4 as a function of the surface temperature. The temperature dependence 

was obtained by averaging on the position interval (according to the specific sub-area).  

It is evident from Figure 7 that cooling is mainly realized in the first half of area “D”. The heat flux reaches 

a critical value for surface temperature at around 200 °C. The critical heat flux in Q1 is more than seven times 

higher than the critical heat flux in Q4. Also, it can be seen that in the case of the higher flow rate (1.06 l/s at 

1 MPa), the heat flux reaches higher values than for the flow rate (0.56 l/s at 0.25 MPa) in all the sub-areas 

and the whole surface temperature range. 

 

Figure 7 The average heat flux dependent on the surface temperature in sub-areas (Q1 - Q4) of cooling 

area “D” (left graph: experiment E1; right graph: experiment E2) 

4. CONCLUSION 

The influence of the remaining water on cooling was experimentally investigated. Two measurements were 

conducted with a full cone spray nozzle at different flow rates and the top cooling in different cooling areas 

(under the nozzle, transition areas, and outside the nozzle spray) was studied. It was found that cooling is 

significant not only in the area with water spray cooling, but also in the area behind the water cooling, where 

heat transfer is realized only by the remaining water and radiation. The cooling effect of the remaining water 
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was most significant for a surface temperature of around 150 °C. Almost 15 % of heat was removed in the 

area with no direct water spray (area with remaining water only). It was also found that the influence of the 

remaining water was most significant right behind the water spray cooling. The critical heat flux in the first 

quarter of area “D” (area with only remaining water) was more than seven times higher than the critical heat 

flux in the last quarter. Furthermore, the heat flux is growing with the flow rate increase.   

It was shown that the remaining water influences cooling and has to be considered when the surface 

temperature is below 500 °C. Still, there is a lack of information about the behaviour of the remaining water 

and further research is needed to be done for a better understanding. 
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Abstract 

Electrical steel sheet is an important material in the manufacture of various parts of electrical devices with high 

magnetic properties. The need to form the desired properties of the metal makes special demands on the 

organization of the production technology for both hot-rolled and cold-rolled sheets. The combined use of 

physical and mathematical research methods makes it possible to more accurately study various aspects of 

the formation of steel characteristics in order to improve its production technology. 

This paper presents the results of mechanical tests of an electrical steel grade obtained on the installation of 

the Gleeble 3800 for plane-strain compression. The tests were conducted at temperatures of deformation from 

700 to 1250 °C and strain rates from 0.1 to 150 s-1 on samples in the parallelepiped form; as a result, curves 

of the dependence of the metal flow stress on the true deformation were obtained. Based on the results of 

physical modeling, a mathematical model was developed in the program «Deform 3D», which repeats the tests 

for plane-strain compression, in order to check the adequacy of the model. The curves of the dependence of 

the metal flow stress on the true deformation can be used to analyze the technological modes of hot rolling of 

electrical steel grades, and the developed mathematical model can be used to simulate the thermal state of 

the metal during the formation of inhomogeneity of properties on long flat products. 

Keywords: Metal forming, electrical steel, plane-strain compression, modeling 

1. INTRODUCTION  

Electrical steel is an alloy of iron with silicon, the percentage of which varies from 0.8 to 4.8 % [1-2]. This 

material has unique magnetic properties and is widely used in the energy industry, in particular in the 

manufacture of transformers and magnetic cores in electrical machines. 

Electrical steel sheet is an important material in the manufacture of various parts of electrical devices. The 

constant tightening of requirements for the quality of manufactured products predetermines the need to 

organize the production technology for hot-rolled and cold-rolled sheets. The presence of silicon in steel makes 

it possible to carry out high-temperature processing of this material, which is necessary to control the structure 

of the metal [3], but at the same time, this leads to a sharp decrease of plasticity [4], and therefore it can 

complicate the process of deformation of the metal and obtaining finished products in the whole. To solve 

problems aimed at obtaining rolled products with a given set of properties, a modern approach to research is 

required. This is especially important, when predicting the formation of inhomogeneity of metal properties on 

long products. One of these methods is the combined use of physical and mathematical modeling. 

The purpose of the work is to study the mechanical properties of electrical steel using experimental research 

and mathematical modeling. 
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2. CONDUCTING RESEARCH BY THE METHOD OF PHYSICAL SIMULATION 

Experimental researches on plane-strain compression tests were carried out at the Czestochowa University of 

Technology (Czestochowa, Poland) on the Gleeble 3800 using the Hydrawdge module [5]. For physical 

modeling samples in the form of a parallelepiped with dimensions of 10 mm x 15 mm x 20 mm from E3A steel 

grade was used, the chemical composition of which is shown in Table 1. The width of the deformation zone 

was 5 mm. For reduce the friction between the sample and the die, tantalum and graphite plates were placed, 

and graphite grease was also used. 

Table 1 The chemical composition of E3A steel grade, % 

С Si Mn S P Al Cr Ni Cu Ti N Sn 

0.033 3.16 0.31 0.006 0.013 0.018 0.02 0.02 0.54 0.003 0.012 0.004 

The research was carried out according to the scheme on Figure 1: the samples were heated at a heating 

rate of 5 °С/s to a deformation temperature of 700-1250 °C, then exposure was carried out for 15-125 s, next 

the samples were deformed for temperatures of 700-1250 °C and strain rates of 0.1-150 s-1 and after that there 

was accelerated air cooling. 

 
Figure 1 The scheme of research (a) and the scheme of plane-strain compression test (b)  

on the Gleeble 3800 

The values of the true strain and the flow stress of the metal during plane-strain compression tests were 

calculated using the formulas [6]: 
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where: 

ɛ - true strain (-) ℎ - the initial height of sample (mm) ℎ0 - the final height of sample (mm) 

σ - flow stress (MPa) V - force (N) e - the width of the deformation zone (mm) f - the length of the sample (mm) 
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The result of the research are the curves of the dependence of flow stress of the metal on the true strain 

(Figure 2). 

 

Figure 2 Curves of the dependence of flow stress on the true strain (T= 700÷1250°С; έ=0.1÷150 s-1) 

3. CONDUCTING RESEARCH BY MATHEMATICAL MODELING  

Based on the results of physical modeling, mathematical model was developed in the "Deform 3D" program, 

which repeats plane-strain compression tests to check the adequacy of the model. During developing the 

model, only the solution of the deformation problem was taken, and therefore the influence of the external 

environment, as well as the increase and loss of heat during modeling were not taken into account, the sample 

temperature remained constant. 

Since the physical modeling was carried out at constant strain rates, the speed of movement of the top die 

varied in time. Using the equations from work [7], as well as data on the reduction of the distance between the 

dies, a graph of the dependence of the die movement speed on the time of the experiment at a constant strain 

rate was obtained, which was also introduced into the model. The coefficient of friction on the contact surfaces 

was taken as 0.05. 

The comparison of the results of physical and mathematical modeling was carried out on the basis of the 

dependence of the force acting on the die on the deformation time. The "Model before correction" curves in 

Figure 3 were obtained as a consequence of the direct transfer of the physical modeling results. For obtaining 

adequate data the influence of various factors on the flow stress versus true strain curves during the research 

was analyzed. Using the methods from the works [8-9], repeated correction of the data obtained in physical 

modeling was carried out, after that repeated modeling was performed. As a result, new dependences of the 
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force on the deformation time were obtained, which are presented in Figure 3 “Model after correction”. A 

comparison of the measured curves of the dependence of the flow stress on the true strain, obtained in 

laboratory researches and the corrected, is shown in Figure 4. The discrepancy between the results of physical 

and mathematical modeling does not exceed 10 %, which indicates the adequacy of the developed model. 

 

Figure 3 Dependence of the force acting on the die on the time of deformation  

 

Figure 4 Comparison of curves of dependence flow stress of metal on true strain obtained by methods of 

physical and mathematical modeling (T= 700°С; έ=1 s-1 and T= 900°С; έ=10 s-1) 

For strain rate of 150 s-1 the curves were interpolated from data obtained for a strain rate of 10 s-1. This is due 

to the difficulties encountered in the course of data processing. The processes occurring during deformation 

under these conditions are features of the material and are not fully reflected in the experimental results, and 

therefore additional research is required.  

4. CONCLUSION 

Experimental studies have been carried out on the Gleeble 3800 for an electrical steel grade. The curves of 

the dependence of flow stress of metal on the true strain are obtained. 

The mathematical model is developed that repeats the plane-strain compression test. The comparison of the 

results of physical and mathematical modeling was carried out on the basis of the dependence of the force 

acting on the die on the deformation time. For adapt the model the results from the experiments were adjusted, 

the discrepancy does not exceed 10 %. 
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The obtained curves of the dependence of the flow stress of the metal on the true deformation can be used to 

analyze the technological modes of hot rolling of electrical steel grades, and the developed mathematical 

model can be used to simulate the thermal state of the metal during the formation of inhomogeneity of 

properties on long flat products.  
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Abstract 

The main purpose of this study is to develop an algorithm for determining the friction coefficient value using 

actual technological parameters of the hot rolling mill. The presented algorithm is based on Ekelund formula 

where the friction coefficient is expressed in terms of the roll bite contact geometry, which can be calculated 

using technological parameters such as forward slip, metal thickness and roll diameter. Processing of this 

collected data allows us to obtain the friction coefficient based on the rolling of several thousand strips under 

the conditions of a hot strip mill 1950. The research results demonstrate how the main technological factors 

affect the friction coefficient value where the roll speed is the most significant correlation factor. Statistical 

analysis shows that the friction coefficient dataset is very similar to results in the literature, moreover, this 

method makes it possible to refine them.  

Keywords: Friction coefficient, hot strip rolling, forward slip 

1. INTRODUCTION 

One of the most popular technology for the production steel strips is the combined process of continuous 

casting of steel and rolling. Thus, casting and rolling complexes produce about 125 million tons of hot-rolled 

strips per year in the world, which is up to 30-40 % of such products [1]. The use of combined technology 

allows to move to the efficient production of ultra-thin strips with a thickness of 0.8-1.5 mm and to replace cold-

rolled strips in some cases [2-4]. However, the successful implementation of the production process for ultra-

thin strips directly depends on the level of mathematical and physical models embedded in the automated 

control system. 

Hot rolling of a thin strip is characterized by a high ratio of the contact area (S) to the volume of the deformable 

metal (V). This ratio S:V does not have a direct physical meaning, but clearly shows the features of the contact 

arc when different thicknesses are rolled. For example, in case of 1 mm thickness S:V in last stands is about 

0.5 - 0.9 and in case of 5 mm is 0.14 - 0.19. Accordingly, the effect of friction on the rolling force is significantly 

increased when thinner gauges are rolled in the last finishing stands. 

There is a lot of research in the field of friction analysis during rolling. The generalization of research results of 

friction forces is presented in the works of Tselikov [5], Panikovich [6]. As a rule, research is conducted in a 

laboratory. However, key technological parameters, such as diameter of work rolls, speed, force and torque, 

an amount of surface scale in industrial conditions differ from laboratory conditions. In later works, the authors 

conduct research under industrial conditions, applying the accumulated fundamental knowledge and real data 

from technological lines. Example of determining the friction coefficient during hot rolling on the basis of 

processing technological data are given in [7]. The main purpose of the present work is to determine the friction 

coefficient during the steady-state process of hot rolling in industrial conditions of casting and rolling complex 

of Vyksa Steel Works (Russia) [8].  
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2. FIGURES, EQUATIONS, TABLES 

An ibaPDA system (Process Data Acquisition System) is the core software for different measured data in 

automated technical processes of the hot strip mill in casting and rolling complex. The technique described 

below was performed using ibaAnalyzer tool, where analysis procedures can be flexibly created for each rolled 

coil. 

Method of determining the friction coefficient in terms of a forward slip is used to study. For this, we applied 

the Ekelund formula: 

g �  9;hij k
jlm k;< jlm n (1) 

where o (rad) is the neutral angle, p (rad) is the bite angle, g is the friction coefficient. The neutral angle is 

calculated from the forward slip for the finishing mill stands according to the Dresden formula: 

o �  qr∙stu  (2) 

where S (-) is the forward slip, ℎ9 (mm) is the exit thickness of a strip, R (mm) is the work roll radius. The 

forward slip value can be expressed by the relation: 

L �  vt;v�v�   (3) 

where w3 (m/s) is the work roll peripherical speed measured with high precision, w9 (m/s) is unmeasured exit 

speed of a strip. However, it is possible to calculate the actual speed of a strip using the distance between 

finishing stands Z (m) and the time of passing a strip ? (s) from one stand to another: 

w9 �  x
F (4) 

where Z = 5500 mm for all finishing stands. Time of passing a strip T is determined by the metal in stand signal, 

which is calculated with measurements of the drive power loads and the rolling force. The bite angle α is 

determined from equation: 

cos p �  1 " ∆s
�  (5) 

Where D (mm) is the work roll diameter. The evaluation of the actual draft ∆h (mm) is carried out using the hot 

strip mass flow, which is described as follows: 

wJ ∙  VJ � }~��M (6) 

where � is the number of stand, VJ (mm2) is the profile area. In this case, the strip width can be neglected, since 

even with the largest reduction in the finishing group, the increase in width is less than 1 %.  

Further, an automated software package has been created that implements the algorithm for processing the 

measured technological parameters in accordance with the proposed technique. All necessary calculations 

are performed in the ibaAnalyzer environment. 

The presented technique was applied for 14,000 coils of various gauges rolled at a hot strip mill. Figure 1 

shows histograms of the friction coefficient values distribution. Obtained data is calculated by the proposed 

method for 490 strips of ST2PS steel grade and thickness less than 1.5 mm. The rolling process of the 

presented gauge is characterized by a high speed (up to 10 m/s) and an increased metal flow in the longitudinal 
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direction at the end section of the strip head, that is, the method error for ultra-thin strips is the highest. For 

stands F1, F2 and F3, distributions have a small dispersion, and the average value can be determined quite 

clearly. The dispersion increases for stands F4 and F5, there is a characteristic “tail” to the area of increased 

values, but the nature of the distribution allows the use of average values in case of a large number of 

measurements. 

 

Figure 1 Distribution of the obtained value of the friction coefficient for the stands of the finishing  

group F1-F5 

Average values of the friction coefficients according to calculations for three different grades position (medium 

carbon steel 22GU, low-alloy strips K56 and low-carbon ultrathin gauge ST2PS) are shown in Table 1. 
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Table 1 Average values of temperature T, strain Ԑ, roll speed V, obtained friction coefficient μ, standard  

              deviation STD(μ). 

Steel Grade 
Thickness 

(mm) 
Stand 

T 

(°C) 
Ԑ 

V 

(m/s) 
μ STD(μ) 

22GU 

 
F1 986.10 0.45 0.75 0.32 0.04 

 
F2 958.56 0.36 1.08 0.23 0.02 

8 F3 930.65 0.32 1.48 0.26 0.04 

 
F4 905.87 0.21 1.88 0.22 0.04 

 
F5 881.25 0.18 2.24 0.19 0.05 

        

K56 8 

F1 947.36 0.47 0.87 0.28 0.03 

F2 925.79 0.34 1.23 0.27 0.04 

F3 902.93 0.29 1.65 0.28 0.07 

F4 882.89 0.21 2.05 0.28 0.05 

F5 863.73 0.17 2.41 0.23 0.07 
        

ST2PS 1.3 

F1 957.31 0.94 1.01 0.21 0.02 

F2 914.21 0.74 2.08 0.17 0.01 

F3 871.95 0.59 3.63 0.17 0.02 

F4 840.86 0.36 5.39 0.18 0.05 

F5 817.29 0.31 7.50 0.12 0.04 

Analyze of calculation results showed that the working layer of high chrome cast iron F1-F2 (Table 2) has a 

lower friction coefficient as compared to stands F3-F5. 

Table 2 Chemical composition of the working layer of the finishing work rolls. 

Stand 

Chemical composition 

C Si Mn P S Cr Mo Ni 

min max min max min. max max max min max min max min max 

F1-F2 2.40 3.40 0.50 1.20 0.50 1.40 0.10 0.06 16.00 22.00 1.00 1.50 1.00 2.00 

F3-F6 3.00 3.40 0.50 1.20 0.50 1.20 0.10 0.04 1.20 2.00 0.20 0.60 3.80 4.80 

Zaykov et al. generalized experimental data of various researchers in their book [9] and illustrated the effect 

of the rolling speed from 0 to 16 m/s on the friction coefficient during passing into roll bite. The authors describe 

all experimental data as a single curve characterized by the following equation:  

g� � 3.=�
���.BBE (7) 

where g� is the friction coefficient during initial entry of the workpiece into the roll bite, �� (m/s) is the work roll 

peripherical speed. 
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In this case, the friction coefficient for a steady-state process is more often determined as [10]: 

g� � 0.6 ∙ g� (8) 

where g� is the steady-state friction coefficient. 

There are three lines in the Figure 2: the orange one is the friction coefficient during initial entry of the 

workpiece into the roll bite according to formula (7), the gray one is the friction coefficient for a steady-state 

process according to formula (8) and the blue one is the line of points obtained by the authors.  

 

Figure 2 Comparison of the obtained data with the theoretical friction coefficient 

The fact is the ratio 
���� is not a constant value. It depends on the speed and can be described by following 

equation: 

���� � 1.5 ∙ ��3.<� (9) 

Analysis of the friction coefficient on technological parameters shows that the temperature has a weak effect 

on the change in friction coefficient for the first two stands. However, the strain and rolling speed have a strong 

relation with the experimental value of friction coefficient (Figure 3). A similar pattern is observed for indefinite 

rolls F3-F5, where speed and strain have the greatest effect on the friction coefficient. Probably, the reason is 

that the range of rolling temperatures in the finishing mill is relatively small (800 - 1000 °C). Therefore, the 

effect of the temperature is difficult to detect for the tested range, especially considering the significant 

influence of the rolling speed. 
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a) b) 

Figure 3 Dependence of the friction coefficient for each stand F1-F5 a) on the degree of deformation  

b) on speed 

CONCLUSION  

1) Friction forces are essential in the hot rolling process. Accurate estimation of the friction coefficient under 

industrial conditions allows to improve mathematical models for modern hot-rolling mills. It also positively 

affects the cost component of a hot rolled strip production. 

2) In this study, the method of determining the friction coefficient for a steady-state hot rolling process is 

proposed and implemented. Algorithm is based on the actual technological parameters obtained from 

sensors in the finishing mill of casting and rolling complex of Vyksa Steel Works (Russia). 

3) The analysis of the friction coefficient values obtained for the finishing stands F1-F5 showed that rolling 

speed and strain have a greatest impact. No significant effect of the temperature has been found. 

Probably, it is due to the limited temperature range and strong influence of other factors. 

4) Friction coefficients values for the steady-state process were determined for each steel grade produced 

under conditions of casting and rolling complex. The values are in the range of 0.12-0.32, where the 

highest friction coefficient value is typical for the first stands F1-F2, and lowest values are found for 

thinner gauges produced at a high speed. 

5) The influence of the working layer of the work rolls on the friction coefficient is demonstrated. Alloy cast 

iron containing chromium has a lower friction coefficient in contrast to the indefinite cast iron, which is 

used for the working layer of the last finishing stands. This aspect makes it possible to predict in advance 

the behavior of the metal in the finisher stands.  
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Abstract  

Severe plastic deformation is the most efficient method of refining the material structure and producing 

submicro- and nanocrystalline materials with a unique combination of strength and ductility properties due to 

a fragmented structure. Upon reaching a definite deformation rate, the fragmentation process is evolving, i.e. 

a volume of original polycrystalline grains (or monocrystal volume) is broken into mutually disordered areas 

(fragments). Main methods used to achieve high deformation rates resulting in a visible grain refinement with 

no sample destruction are equal channel angular pressing and twist extrusion. However, due to rather small 

finished products, such methods are hardly suitable to produce large-sized structural metal materials, such as, 

for example, narrow strips. Thus, in recent years highly efficient methods of producing ultrafine-grained 

materials by asymmetric rolling are widely applied. A fundamental difference between asymmetric and 

conventional sheet rolling is monotonic deformation in conventional rolling and non-monotonic deformation in 

asymmetric rolling.  Asymmetric rolling in a single deformation schedule combines the processes of rolling 

(achieved mainly due to a translation component of deformation) and shear (by the rotational deformation). 

This paper describes the production of narrow strips with an ultrafine-grained structure by asymmetric rolling 

using L63 alloy grade as an example. Task-specific asymmetry of the process is achieved by mismatching 

circumferential speeds of rolls, when cold rolling is performed with high contract friction and high single 

deformations. The scanning electron microscopy was used to study the structure of the samples: before and 

after asymmetric rolling. It is shown that the deformation by asymmetric rolling with mismatching 

circumferential speeds of rolls amounting to 50 % and a total percentage reduction of about 70 % results in a 

fragmented structure and higher performance of the rolling mill due to a reduction in a number of passes, when 

rolling brass narrow strips from 0.80 to 0.24 mm thick.  

Keywords: Asymmetric rolling, severe plastic deformation, brass strips, microstructure 

1. INTRODUCTION 

The growth rate of the machine-building industry imposes higher and higher demands for the quality of brass 

mill products not only for sizes or flatness, but also for the structure and mechanical properties, entailing a 

need for development of new technologies of producing semi-finished and finished products satisfying high 

performance and operation requirements. 

One of the methods of improving the quality of materials is to generate nanostructural (NS) and ultrafine-

grained (UFG) states by applying methods of severe plastic deformation (SPD) [1,2] based on large shear 

deformations under high hydrostatic pressure and at relatively low homologous temperature. By now, it is 

experimentally showed that SPD methods applied for many metallic materials, including copper alloys, 

contribute to forming a UFG structure with an average grain size of below 1 µm, mainly containing high-angle 

grain boundaries due to deformation refining (fragmentation), when achieving a rather high deformation ratio 
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[3,4]. When performing continuing plastic deformation, an average size of fragments gradually decreases to a 

minimum size, amounting to, as a rule, about 100-200 nm, including an increase in their mutual disorientation 

up to large-angle boundaries, namely boundaries of grains of a deformation origin. It is deemed that such fine-

grained structures should ensure a high level of ductility and strength parameters due to special strained high-

angle grains, entailing generation of entirely new physical and mechanical properties. UFG materials show 

strength, significantly exceeding strength of the same materials in its coarse-grained state. 

As the most common schedules of SPD (equal-channel angular pressing (ECAP) [1-3] and twist extrusion [5]) 

have significant limitations on their industrial application due to a rather small size of manufactured products, 

they seem to be hardly suitable for processing structural metal materials of large dimensions, such as sheets, 

narrow strips or strips. Thus, manufacturing of materials with a UFG structure is a current technological 

challenge. 

One of the most advanced, industrially applicable methods of SPD used to form a UFG structure in thin metal 

sheets is asymmetric rolling with a high (50 % or more) mismatching of speeds of rolls [6-13], to create a 

complicated stress state, when severe shear is combined with reduction of a sample characteristic of 

conventional rolling. Regarding such deformation schedule, a superposition of translation and rotation modes 

occurs directly during rolling. This results in an additional channel of generating dislocations contributing to a 

significant increase in a concentration of defects participating in the structure formation. It should be noted that 

a little research is devoted to studying the effect of asymmetric rolling on changes in the structure. The majority 

of published research papers [6-17] on this area are devoted to efficiency of impact of mismatched 

circumferential speeds of work rolls on energy parameters and geometry of rolled strips and narrow strips from 

various metals and alloys, including brass ones. 

The present research is aimed at studying the effect of speed asymmetry on the structure of brass during cold 

rolling of narrow strips. 

2. MATERIALS AND METHODS 

The asymmetric rolling due to purposefully created differences in the circumferential speeds of the work rolls 

is also called "Differential speed rolling". For such process a coefficient of asymmetry +W is defined as a ratio 

of circumferential speeds V9 and V< of the work rolls according to Equation (1): 

K� �  �t�B  (1) 

where V9 � V<. 

The subject under study is a copper-base alloy brass grade L63. A chemical composition of the alloy under 

GOST 15527-2004 is given in Table 1. Experimental rolling was carried out on two-high reversing mill with 

individually driven work rolls (Figure 1) at the Zhilyaev Laboratory of Mechanics of Gradient Nanomaterials 

(Nosov Magnitogorsk State Technical University). Symmetric and asymmetric rolling processes were 

performed without lubrication. Specimens of industrial cold rolled brass narrow strips, 0.80 mm thick and 

30 mm wide, were used as blanks (Figure 2, a). 

Table 1 Elemental chemical composition of brass L63, wt% 

Components Impurity elements (less than) 

Cu Zn Pb Fe Sb Bi P Total 

62.0-65.0 other 0.07 0.2 0.005 0.002 0.07 0.5 

Specimens of narrow strips (0.80 mm × 30 mm × 200 mm) were cold rolled at different reduction rates in 

several passes to achieve a final thickness of 0.24 mm (Table 2). Specimen thickness was measured with a 

micrometer before and after every pass. 
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Figure 1 Two-high reversing mill with individually driven work rolls 

 

  

a b 

Figure 2 Specimens of brass narrow strips (a) and initial microstructure (b) 

Table 2 Reduction schedule of brass narrow strips 

Pass No. Thickness 
(mm) 

Thickness reduction 
(%) 

Angular velocity 
(rev/min) 

entry exit single total top roll bottom roll 

1 0.80 0.40 50 50 3 6 

2 0.40 0.24 40 70 3 6 

The microstructures of the specimens before and after rolling were examined with a scanning electron 

microscope (SEM, JSM-6490LV) at accelerating voltage of 20 kV. A hydrochloric solution of iron (III) chloride 

was used as an etching solution to determine α and β-phases in brasses. 
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3. RESULTS AND DISSCUSION 

The experiment showed that when rolling brass narrow strips with a thickness reduction from 0.80 mm to 

0.24 mm, a number of passes decreased in case of asymmetric rolling as compared to symmetric rolling 

(Table 3). Thus, the asymmetric rolling process can be used for reducing the number of rolling passes by 

increasing the thickness reduction in each pass. 

Table 3 Changes in narrow strip thickness by passes during symmetric and asymmetric rolling 

Type of rolling Narrow strip thickness after deformation passes (mm) 

0 1 2 3 

Symmetric rolling 0.80 0.50 0.35 0.24 

Asymmetric rolling with Ka = 2 0.80 0.40 0.24 - 

The micrographic studies showed that an original state of the structure of brass L63 (Figure 2, b) constituted 

equiaxed grains of α-solid solution of zinc (Zn) in copper (Сu) with a small number of inclusions of excess β-

phase along the boundaries. 

 

   
a b 

Figure 3 Microstructure of brass narrow strips after symmetric (a) and asymmetric (b) rolling 

As it is shown in Figure 3, b, asymmetric rolling with speed asymmetry coefficient Ka = 2.0 (total thickness 

reduction is 70 %) results in a strong distortion of the structure as compared to symmetrically rolled sample 

(Figure 3, a). The structure consists of heavily deformed grains of α-solid solution as fragments, whose 

boundaries are non-equilibrium and have complex dislocations, i.e. there is a so-called fragmented structure. 

The mechanical properties of the samples before and after cold rolling were investigated by uniaxial tensile 

test using an AG IC Shimadzu universal testing machine equipped with a 50 kN load cell. The tests were 

computer controlled registering strain and stress. Tensile samples with a gauge section measuring 30 mm in 

width and 100 mm in length were cut from the strips along the rolling direction. Tensile tests were carried out 

at room temperature and a constant cross-head speed of 2 mm/min, which was equivalent to a strain rate of 

3.3 x 10-4 s-1. The analysis of the mechanical test results revealed that with augmentation of speed asymmetry 

coefficient Ka from 1.0 (symmetric rolling) up to 2.0 (asymmetric rolling) the strength properties of brass grade 

L63 got better and plastic properties remained unchanged. In particular the yield strength increased from 

478 MPa (at Ka = 1.0) up to 567 MPa (at Ka = 2.0), and the ultimate tensile strength increased from 509 MPa 

(at Ka = 1.0) up to 603 MPa (at Ka = 2.0). In case of symmetric and asymmetric rolling with total reduction of 

70 % the uniform elongation and elongation to failure were extremely low and did not exceed 2 %. 
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4. CONCLUSION 

The conducted studies showed that asymmetric rolling of brass narrow strips from thickness of 0.80 mm to 

0.24 mm from a two-component single-phase alloy, namely brass grade L63, contributed to a heavily 

fragmented ultrafine-grained structure and higher performance of the rolling mill. To produce the achieved 

result, asymmetric rolling should be performed with speed asymmetry coefficient Ka = 2.0 and total thickness 

reduction of about 70 %. The analysis of the mechanical test results revealed that with augmentation of speed 

asymmetry coefficient Ka from 1.0 to 2.0 the strength properties of brass L63 got better and plastic properties 

remained unchanged. The ultimate tensile strength increased from 509 MPa up to 603 MPa while elongation 

to failure remain extremely low and did not exceed 2 % in both cases. 
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Abstract 

A wire manufacturing process includes wire rod structure and surface preparation (heat treatment), coating, 

shaping and other operations with finished wire. A key operation influencing the shape and properties is 

drawing using monolithic and roller dies of various structures. 

Drawing shows a diagram of opposite principal stresses and a symmetric diagram of principal strains 

characterized by high efficiency of the deformation and lower energy consumption. Tensile stress σ1 

contributes to embrittlement during drawing, and maximum allowed value σ1 ≤ σВ limits the strain rate in a 

pass. 

Forming during drawing in monolithic dies is determined by a die reduction angle, reduction per die, friction 

factor and strain rate. When assessing force factors, the said factors include drawing force (stress) and ultimate 

tensile strength of the material under study. 

The existing procedures are used to calculate limit single and aggregate reduction per die, die angle, force 

parameters and stability of the process. However, they do not factor into physical and mechanical properties 

of wire, its stress state in and out of a deformation zone. 

Using hardness coefficient distribution fields and the Lode-Nadai coefficient in a conical deformation zone and 

hydrostatic stress distribution fields, we developed a stress state determination procedure and a new 

calculation method and algorithm of drawing sequences. Curves of hydrostatic stress on the wire axis and 

drawing force are built for various die reduction angles and reductions for carbon steels. This procedure may 

be applied both for designing new and analyzing existing drawing sequences used to produce wire of the set 

quality at minimum manufacturing costs. 

Keywords: Wire, drawing, hydrostatic stress, drawing sequences, drawing force 

1. INTRODUCTION 

Drawing in monolithic dies is a main method of producing steel wire of various applications and in a broad 

range of sizes and properties. Drawing has a long history of development and many advantages over other 

deformation processes: high performance, producing round and shaped sections with high accuracy 

of geometrical sizes and surface quality, ensuring a required level of mechanical properties of finished wire, 

low metal waste (metal saving), coverage of theoretical studies, and a relatively simple and mature process. 

To carry out the process, there are various industry-standard facilities, which are continuously improved to 

intensify the process, increase the production output, combine bar surface preparation and drawing operations, 

increase the quality of finished wire, save energy, ensure ecological performance, etc. A range of the products 

manufactured by drawing is continuously expanded [1-4]. 
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In addition to advantages, drawing has significant disadvantages: an unfavorable schedule of the stress and 

strain state in the deformation zone determined by tension stresses, additional shearing of surface layers 

in relation to central ones, which is a reason for their higher strengthening, and high contact friction on the 

boundary of steel and a die, entailing heating and strain aging of steel. Therefore, improvement of a drawing 

process mainly consists of development and application of better drawing oils and a method of delivering them 

to the deformation zone, improvement of the material and design of drawing tools, increase in efficiency of 

cooling wire and dies. Much attention should be devoted to the preparation of steel surface for drawing. 

Other disadvantages of drawing may include a monotonous deformation process, non-homogeneous 

deformation due to partial working of the section, and a considerable dependence on a scale factor. 

The results of the effect of all the above factors are reduced deformability of metal and lower ductility reserve. 

Loss of steel ductility during drawing limits maximum permissible total reduction, achievement of a high level 

of strength and commercial-scale implementation of a high-strength state. Besides, all the parameters, both 

strength and ductility characteristics, tend to decrease as a result of a scale factor, when increasing a diameter 

of manufactured wire. Changes in mechanical properties of cold-drawn wire during drawing are of the greatest 

importance, as they contribute to achievement of a set level of strength and ductile properties of finished wire. 

Besides, ductility determines potential of downstream deformation during both drawing and subsequent 

processing of wire into products [5]. 

2. RESEARCH METHOD 

Now, a main objective is to improve a process of drawing round wire, especially of large diameters, 

in monolithic dies. To achieve it, we assess a stress and strain state for a particular case or a drawing 

sequence. However, we should study a combined effect of a die reduction angle, reduction per die and friction 

factor in a particular deformation zone on the stress and strain state, and then design resource-saving drawing 

sequences. Thus, we need a procedure based on a system approach to the assessment of the stress and 

strain state and drawing force at various die angles, reductions and friction, factoring into physical and 

mechanical properties of wire. 

Using simulation, we developed a procedure to assess the stress and strain state of wire, when drawing it in 

a tool with a conical deformation zone. Thus, applying a subroutine for Deform-3d, we got fields of distribution 

of rigidity factors for the Smirnov-Alyaev diagram and the Lode-Nadai coefficient, when drawing rods from steel 

grade 80 in monolithic dies. Using these values and assessing hydrostatic stress in the deformation zone, we 

developed a procedure for the assessment of the stress and strain state. 

3. SIMULATION RESULTS AND DISCUSSION 

Regarding length of a conical deformation zone, we got curves of rigidity factors on the wire axis and delta 

factors for various reduction values. Delta factors were calculated by the equation: 

    2

11    (1) 

where:  

α - semi-angle of a die reduction angle (radian)  

ε - reduction per die  

We also analyzed changes in hydrostatic stress for steel grade 80 and developed a procedure to assess 

penetration depth of “sliding cones” in the deformation zone depending on delta factors for various die 

reduction angles (Figure 1). 
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Figure 1 Curves of hydrostatic stress on the wire axis and the delta factor for die reduction angles 2α = 6°, 

8° and 16° 

The curve in Figure 1 shows that minimum delta factor is 0.73 (point A), and maximum one is 5.30 (point E). 

The curve crosses the X-axis twice, when delta factor is 0.97 (point B) and 1.50 (point D). Minimum hydrostatic 

stress corresponds to a delta factor of 1.29 (point C). 

We studied the effect of drawing schedules on changes in the stress and strain state of wire in a conical 

deformation zone during drawing in monolithic dies and calculated drawing force and hydrostatic stress for a 

total range of practically applied die reduction angles (2α = 6-16°) and reduction per die (ε = 8-41 %) for wire 

from steel grade 80 with a diameter of 16.0 mm (Figure 2). 

 

Figure 2 Curves of hydrostatic stress and drawing force for die reduction angles 2α = 6-16° and reduction 

per die ε = 8-41 % 
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We determined the curves of hydrostatic stress on the wire axis and drawing force for a “working” range of delta 

factor values from 1.20 to 2.0 and showed that minimum hydrostatic stress on the wire axis at die reduction 

angles of 6°, 8° and 10° was at a delta factor of 1.29, and for die reduction angles of 12°, 14° and 16° is 1.40. 

Every die reduction angle has an area of delta factor values and a reduction range ensuring maximum 

reduction at minimum drawing force. Recommended reduction values for the die reduction angles under study 

are given in Table 1. 

Table 1 Recommended reduction values 

Die 
reduction 

angle 

Delta 
factor 

 

Reduction 
range 

(%) 

Average 
reduction 

(%) 

Drawing 
range 

Average 
drawing 

Drawing force at 
minimum σav 

(kN) 

2α=6° 1.2-2.0 10-16 13.0 1.11-1.19 1.15 68.4 

2α=8° 1.2-2.0 13-21 17.0 1.15-1.27 1.20 77.0 

2α=10° 1.2-2.0 16-25 20.5 1.19-1.33 1.26 80.2 

2α=12° 1.29-2.0 19-28 23.5 1.23-1.39 1.31 84.2 

2α=14° 1.33-2.0 22-31 26.5 1.28-1.45 1.36 87.8 

2α=16° 1.36-2.0 25-34 29.5 1.33-1.52 1.42 92.6 

For example, let us calculate the drawing sequence from 16.00 mm in diameter to 8.00 mm according to the 

suggested procedure. Reduction angle in all dies α = 6°. 

According to Table 1 maximum reduction for such angle is 28 %, and average reduction is 23.5 %. Total 

drawing μΣ = 4. Regarding reduction angle α = 6°, average drawing is 1.31 according to Table 1. We determine 

a number of drawings ln(4)/ln(1.31) = 5.13 and round to 5. 

As the drawing sequence is designed according to a linear decreasing graph, we should determine reduction 

by passes. This sequence has 5 drawings; reduction in the first pass is 28 %, and in the third pass is 23.5 %, 

as it follows from Table 1. Then we plot the graph (Figure 3) by two points and determine reduction values for 

dies 2, 4 and 5. 

  

Figure 3 Graph used to determine drawings 2, 4, 5 

Thus, we got the following drawing sequence: 16.00-13.57-11.66-10.15-8.95-8.00 mm. 

To analyze the suggested sequence with die semi-angles of 6°, we built a graph of changes in hydrostatic 

stress according to passes (Figure 4). 
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Figure 4 Graph used to determine hydrostatic stress of the suggested sequence 

As Figure 4 shows, in the suggested sequence hydrostatic stress values in the first two drawings are negative, 

while in drawings 3 and 4 it does not exceed 100 MPa. Thus, such sequence ensures the most favorable 

stress state of wire, resulting in its higher quality. 

4. CONCLUSION 

We developed a new procedure and algorithm of calculating drawing sequences, ensuring production of wire 

with a set level of quality at minimum power and material consumption. This procedure may be applied both 

for designing new drawing sequences and analyzing existing ones. 
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Abstract 

As a result of the general need for lightweight product design, multi-material systems are gaining in importance. 

In addition to reducing component weight, the combination of different materials in a single component allows 

other properties to be locally tailored to its application. This topic is the aim of research within the Collaborative 

Research Centre (CRC) 1153 “Tailored Forming”, which investigates the entire process chain for 

the production of hybrid components from previously joined workpieces. One of the main focal points is 

the investigation of the joining zone development of steel-aluminium products (20MnCr5 - EN AW-6082) during 

friction welding and further processing in different forming processes. 

The overall strength of the multi-material component is determined by joint strength. In order to improve the 

properties of the joining zone by thermomechanical treatment, a backward can (BC) extrusion process was 

utilized. This work addresses both, the simulative design as well as the implementation of heating and forming 

processes for BC extrusion. The joint interface of the hybrid components was analysed and a qualitative 

evaluation was carried out using metallographic images. The simulation results were validated and an effect 

on the joining zone trough BC extrusion could be achieved. 

Keywords: Tailored forming, backward can extrusion, hybrid components, forging simulation 

1. INTRODUCTION 

In order to cope with rising energy and resource costs as well as increased environmental responsibility, 

an efficient use of energy and materials is gaining in importance. Since conventional components made out 

of a single material have their material-specific limits, new material concepts and manufacturing technologies 

need to be developed continuously to conform to the steadily increasing requirements. In this context, multi-

material solutions represent a promising approach. A common method for producing hybrid parts is the joining 

of previously formed near-net-shape components. In contrast, the bulk metal forming of hybrid components 

allows the creation of complex joining zones in accordance with the load conditions of the part. However, 

further research is required [1]. 

The Tailored Forming approach, currently being developed in the Collaborative Research Centre 1153 

(CRC 1153), shifts the joining process to the beginning of the process chain [2]. This relocation enables 

the manufacturer to utilize the subsequent production stages to adapt and enhance the joining zone. 

The creation of a hybrid semi-finished workpiece and subsequent handling throughout the process chain 

generates new process-specific challenges, especially since the joining zone is not supposed to be the weak 

spot. 
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2. STATE OF THE ART 

Within sheet metal forming, hybrid semi-finished products are already widely established [3,4], whereas hybrid 

bulk metal forming products are not broadly used. There has been basic research by Domblesky et al. into the 

forging of welded billets [5]. It was demonstrated that bi-metal preforms friction-welded from copper, aluminium 

and steel can be forged using modified processes. Chemnitz Technical University showed in the Collaborative 

Research Center 692 that a bond between aluminium and magnesium alloys can be achieved through 

compound extrusion [6-8]. Foydl et al. developed a compound-extrusion process to create hybrid billets to 

forge connecting rods and the steel-aluminium joining zone remained intact [9]. Wang et al. numerically and 

experimentally investigated the hot upsetting of weld-cladded steel-steel billets [10]. Another joining concept 

for hybrid workpieces is joining through forging. Some material combinations, e.g. steel-aluminium, can form 

undesired brittle intermetallic phases in the joint during this production process [1]. Within the CRC 1153, 

friction welding was evaluated to bond hybrid semi-finished products. 

Friction welding is a solid-state welding method. It depends on heat and plastic deformation to create a joint 

between the two welding partners. This is achieved through relative motion combined with applied pressure 

between two raw parts, which leads to heat generation on the contact surfaces. Material at the joining zone 

starts to flow outward and the workpieces shorten. Subsequently, the relative motion is abruptly stopped and 

the pressure applied between the two workpieces is increased. The high deformation, high compressive stress 

and recrystallisation result in grain refinement. During friction welding, intermetallic phases are formed. 

However, due to the low temperature and the outward material flow these stay comparatively thin [11]. These 

characteristics make friction welding appropriate for joining dissimilar materials in a reproducible and reliable 

quality [12].  

Within the scope of this paper, extrusion processes were developed to improve the joining zone of a steel-

aluminium specimen. Extrusion is a solid forming process in which the material is forced to flow through a die. 

In most cases, impact extrusion is carried out at room temperature, as this offers advantages in terms of 

precision. Impact extrusion at high temperature lowers the required process forces and allows for a higher 

deformation of the workpieces without work hardening and cracking. This comes at the cost of lower surface 

quality and precision compared to cold impact extrusion [13]. The process is classified depending on the 

workpiece geometry (whole, hollow) and the material flow relative to the movement of the tool. There are three 

flow directions: forward, backward and lateral [14].  

3. TAILORED FORMING PROCESS CHAIN 

 
Figure 1 (a) Friction welding of aluminium and steel, (b) induction heating of the hybrid semi-finished 

product, (c) backward can extrusion 

First, two different cylindrical bars were joined by friction welding. In order to achieve a temperature distribution 

of the hybrid semi-finished product that is suitable for forming, an induction heating process was designed 
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numerically. The numerically determined process parameters were used in experimental induction heating 

tests. The process chain ends with backward can extrusion. The details of this process step were also designed 

numerically. With the help of the numerical modelling of the process chain, the temperature distribution of the 

hybrid semi-finished product was optimised. Furthermore, the proportions of aluminium and steel within the 

semi-finished product could be optimised for the subsequent forming process. Details of the process steps are 

presented in the following subchapters; Figure 1 shows the individual process steps. 

3.1. Friction Welding 

At first, serially arranged hybrid forging billets consisting of 20MnCr5 (AISI 5120) steel and EN AW-6082 

(AA6082) aluminium alloy were joined by friction welding. In preparation, the respective joining surfaces were 

machined and degreased to create reproducible conditions. Subsequently, friction welding was carried out. 

The most important parameters are shown in Table 1. 

Table 1 Parameters used for friction welding 

Billet diameter (mm) Relative friction path (mm) Frictional force (kN) Press force (kN) Press time (s) 

40 4 150 251 2 

Using these parameters, it is primarily the aluminium that is deformed, while nearly no material flow is visible 

on the steel side. The flow of aluminium is utilized to dislocate impurities to the outside. Moreover, the short 

process time leads to a lower temperature in the material, which minimizes the creation of brittle intermetallic 

phases, which would have a negative impact on the joining zone [2]. 

Subsequently, the billet is cut to the required length of 70 mm, with 35 mm of each steel and aluminium. In 

addition, the welding flash is removed by turning.  

3.2. Induction Heating 

Before forging, the steel part of the billet has to be heated to lower the difference in flow stress between steel 

and aluminium [2]. The steel and aluminium used would have the same flow stress at 900 °C and 20 °C, 

respectively. This temperature difference cannot be obtained because of the high thermal conductivity of 

aluminium. Therefore, the aim is to set a temperature gradient as steep as possible across the joining zone, 

which was determined by heating simulations and subsequently validated by experiments. An axial symmetric 

numerical model of the induction heating process was built up with the commercial FE-software 

Simufact.Forming v16. The process boundary conditions of the induction heating process, such as frequency 

and current in the induction coil, were designed in the range of a possible interval of the experimental setup. 

As numerically simulated, the heating was carried out using a 40 kW mid-frequency generator (TRUMPF 

TruHeat MF 3040), which can be operated in a frequency range between 5 and 30 kHz coupled to a 40 mm 

diameter coil. The induction coil consists of 11 rectangular windings. The coaxial hybrid semi-finished product 

is placed in the induction coil so that only the steel part is completely enclosed by the coil as seen in Figure 1. 

The necessary electromagnetic material properties of the hybrid billet, as well as the current flow and heat 

generation of the coil were evaluated in [15]. The transport to the forming stage lasted five seconds, during 

which a further temperature exchange occurred in the hybrid semi-finished product. This was also considered 

in the model.  

3.3. Backward Can Extrusion 

In order to investigate the effect of different extrusion processes on the joining zone, a hollow demonstrator 

shaft (Figure 2 a) was designed which can be produced by the extrusion processes: backward can extrusion 

(b), forward tube extrusion (c) and combined forward rod and backward can (BC) extrusion (d). The BC 

extrusion was carried out using a LASCO SPR 500 screw press with 279 mms-1 impact velocity. The steel 
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side of the billet was facing the punch and subsequently the punch permeated the billet to a depth of 30 mm. 

After the extrusion, the workpiece was quenched in water. 

 

Figure 2 Hollow shaft demonstrator (a) and the impact extrusion preforms (b, c, d) 

The BC extrusion process was also investigated numerically. The model created consists of a punch, a die 

and an ejector as seen in Figure 1. The hybrid semi-finished product was placed inside the die. The initial 

temperature distribution was taken from the induction heating step with transfer time taken into account. An 

elasto-plastic material model was used. The flow curves, which were implemented in the material model, are 

described in [16]. A prior evaluated combined friction model, which includes the formulation of Tresca with 

m = 0.2 and Coulomb with µ = 0.1, was used [17].  

4. RESULTS AND DISCUSSION  

The numerically determined temperature-time curves were compared with experimental results. 

The measuring points of the thermocouples are displayed in Figure 3 (a). The resulting temperature-time 

curves are depicted in Figure 3 (b). Figure 3 (c) shows the simulated temperature distribution over the semi-

finished product. A current of 1150 A applied to the induction coil for 25 seconds promises a suitable 
temperature distribution in the hybrid semi-finished product according to the numerical design of the inductive 

heating. This temperature distribution could be repeated in the experimental results, which can be seen from 

the results of the thermocouple TCSteel, as a good agreement between experimental and numerical results was 

achieved here. In comparison to TCSteel, the results of the experimental measurements by the thermocouples 

near the joining zone named TCJZ, Steel and TCJZ, Aluminium show greater differences to the numerical prediction. 

However, the exact shape of the intermetallic phase and the associated heat transfer coefficient are not known. 

This explains the discrepancy between simulated and experimental results for the TCJZ,Steel and TCJZ,Aluminium 

thermocouples near the joining zones. However, the induction heating model was considered validated. 

 

Figure 3 Location of the three thermocouples called TCSteel, TCJZ,Steel and TCJZ,Aluminium TC (a), temperature-

time curves (b), result of the numerically generated temperature distribution (c) 
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Metallurgical investigations were carried out on cross-sectioned workpieces. Due to BC extrusion, the joining 

zone was significantly enlarged and a bulging shape was observed, which is shown in Figure 4 (a). 
In microscopic analysis, regions near the centre (region 1) or the edge (region 3) of the part show little cracking 

and mainly a sound bond between both metals. However, an increased concentration of cracks is observed in 

region 2. These cracks occurred in regions where tensile stresses have been predicted numerically, as 

depicted in Figure 4 (a). The cracks start on the aluminium side, with aluminium parts remaining on the steel 

in some areas, as can be seen in Figure 4 (b). Bulge height and slope are consistent with the simulated 

predictions. 

 

Figure 4 Simulation and experimental results of the backward can extrusion process (a) and metallurgical 

images of the joining zone (b) 

5. CONCLUSION 

The limiting factor of hybrid steel-aluminium components is the strength of the joining zone, which fails prior to 

the base material due to brittle material properties. Previous experiments within the CRC 1153 have shown 

that the production of hybrid workpieces, using pre-joined billets, through full forward extrusion is possible [15]. 

However, the influence on the joining zone achieved by this process is limited. In order to improve the influence 

on the joining zone and to expand workpiece variety, other impact extrusion processes are investigated. 

In the present study, the heating and forming of semi-finished hybrid products were investigated numerically 

and validated by experimental data. Therefore, semi-finished products prejoined by friction welding were 

formed by BC extrusion and investigated metallographically. The heating simulations agree with the measured 

values, especially on the steel side, but also near the joining zone. As seen in Figure 4 (a), the predicted 

joining zone geometry correlates with the experimental data. The simulation showed tensile stresses, which 

caused cracks in the deformed part of the joining zone. The aim of subsequent investigations is to increase 

the influence on the geometric and microstructural formation of the joining zone by means of an adapted 

heating strategy using aluminium-side immersion cooling. Additionally, further extrusion processes, namely 

forward tube extrusion (Figure 2 c), combined forward rod extrusion and backward can extrusion (Figure 2 d) 

will be investigated experimentally and numerically. 
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Abstract  

Presented paper reports the effect of the processing route on the microstructure and microhardness in the cold 

rolled low-carbon sheets processed by dual rolls equal channel extrusion (DRECE). The DRECE process was 

repeated up to four passes in two processing routes, called routes A and C. As the number of passes 

increased, the heterogeneous evolution of microhardness and microstructural heterogeneities between the 

core and surface regions gradually became intensified in both processing routes. The results showed that the 

DRECE method is a powerful method for processing the sheets with gradient structure and enhanced utility 

properties. Therefore, it appears that the proposed method has a great potential to a wide range of industrial 

applications. 

Keywords: SPD, Low-Carbon steel, DRECE, microhardness, microstructure 

1. INTRODUCTION 

Severe plastic deformations (SPD) represent a significant possibility to increase the values of mechanical 

properties due to the fragmentation of the original microstructure to the level of an ultra - fine grained structure 

(UFG). This is an intensively researched area of research with great potential for application in the 

manufacturing sphere. In particular, the possibility of continuous processes appears to be promising for the 

production of highly stressed components or products for applications in extreme conditions [1]. 

The principle of continuous SPD methods is based on the conversion of the principle of the ECAP method into 

a continuous form. Currently, there are a large number of continuous SPDs, which show interesting results, 

especially in terms of refining the structure and increasing the level of mechanical and physical properties. 

Among the most promising are the Single Roll Angular Rolling (SRAR) [2] or Equal Channel Angular Rolling 

(ECAR) [3] methods, which enable the preparation of UFG structures in massive samples of large lengths. 

1.1. Principle of DRECE method 

The DRECE method (Dual Rolls Equal Channel Extrusion) [4-5] is based on the principle of angular extrusion 

through an equilateral channel using contact friction between the extruded blank, in the form of a sheet metal 

strip, and feed rollers. Based on the generated friction force, the sheet is continuously extruded into a special 

forming tool, where it is intensively deformed by shear deformation as it passes through the deformation zone. 

As a result of the accumulation of deformation, microstructural changes occur, which lead to an increase in 

the strength characteristics of the extruded sheet. A schematic representation of the SPD method of DRECE 

is shown in Figure 1. 
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Figure 1 Schematic illustration of DRECE device [4] 

Due to the technological aspects of DRECE extrusion, the deformation is unevenly spread over the thickness 

of the sheet metal. From the results presented in [4], the largest deformation values are localized in the surface 

area of the extruded belt, where the deformation value is approximately 0.71 and this value in the thickness 

direction decreases to 0.45. Heterogeneous deformation leads to uneven grain softening due to the application 

of the forming process and at the same time negatively affects the resulting mechanical properties of the 

forming sheet. An important factor is a detailed analysis of the distribution of microstructure changes in the 

extruded sheet metal, as these are directly involved in the resulting properties of the sheet metal. 

2. INVESTIGATION PROCEDURES 

The work is focused on analyzing the influence of the deformation rout when pushing a sheet metal strip made 

of commercially produced DC01 steel with dimensions of 2 x 58 x 2000 mm. The chemical composition of the 

sheet metal strips tested is given in Table 1.  

Table 1 Chemical composition of steel DC01 (wt. %) 

Element C Mn Si P S 

(wt. %) 0.040 0.250 0.010 0.009 0.006 

Before extrusion using the DRECE method, lubricant (based on MoS2) was applied to the sheets to minimize 

friction in the deformation zone of forming tools. Experimental extrusion was carried out at room temperature 

and constant forming conditions. Extrusion speed 5 mm·s-1, pressures on the front cylinder 50 bar and on the 

rear cylinder 150 bar. Two deformation route strategies were used during extruding, namely type A (sheet 

metal does not overturn between individual passes) and type C (the sheet metal is rotated 180° between each 

pass). Sheets were pushed through a maximum of 4 passes using both types of deformation routes. 

The analysis of the effect of the applied deformation pathway in DRECE forming on the change of 

microstructure was performed on the NEOPHOT 21 optical microscope with OLYMPUS GX51. Detailed 

analysis of the microstructure was carried out on TEM. TEM images were captured utilizing FEI TECNAI G 

transmission electron microscope operating at 200 kV. The microhardness was measured after the thickness 

of the extruded sheet using the Hanemann automatic micro-hardness device. 
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3. INVESTIGATION RESULTS 

3.1. Microstructural characterization  

Images of the DC01 steel microstructure depending on the processing status are given in Figure 2. Depending 

on the processing, the microstructure of all the samples analyzed was similar, fairly uniform, consisting of 

polyedral grains of ferrite and cementite, expelled both by borders and inside grains. Depending on the 

processing, slight stretching of grains in the direction of extrusion by the DRECE method was observed on the 

longitudinal cut-outs.  

The samples after the 2nd pass showed clear signs of deformation mainly in the subsuasive part, and with the 

increasing number of passes (4th pass) the deformation was noticeable even at greater distances from the 

surface of the extruded sheet.  

When comparing the influence of the two types of deformation routes under study, no significant character 

difference was observed on the microstructure of the DC01 sheet metal strip.  

  

2nd pass (route A) 2nd pass (route C) 

  

4th pass (route A) 4th pass (route C) 

Figure 2 OM images of DC01 steel  

TEM images (Figure 3) show the detailed state of the DC01 steel microstructure after DRECE processing. 

Due to DRECE extrusion, there was a visible increase in the density of dislocations accumulated in shear 

deformed ferrite grains (Figure 3a), but with minimal effect on fragmentation of the original grain. However, 
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the occurrence of dislocation cells, probably separated by a low-angle grain boundaries (LAGB's), can be 

observed. The original grain boundaries are preserved with an increasing proportion of LAGB's in locally 

softened parts of the microstructure. With the increasing number of passes, it is noticeable that due to the 

accumulation of deformation energy, dislocations have been reordered into regular structures (Figure 3b). 

  

a) b) 

Figure 3 TEM images of deformed DC01 sheets: after 1st pass (a) and after 4th pass 

3.2. Microhardness evolution 

The way to monitor the effect of DRECE forming on the uniformity of the distribution of mechanical properties 

is to measure microhardness after the thickness of the extruded sheet metal. For the analysis, an inductor was 

used to measure HV with a load of 0.1 kg for 15 seconds. 

Figure 4 graphically shows the course of microhardness HV0.1 depending on the distance from the top surface 

of the sheet metal, extruded by the DRECE method when using the deformation route A (without rotation). 

Based on the presented process, it can be concluded that due to DRECE forming, higher hardening values 

were achieved mainly in the subsuasive parts of the analyzed sheet metal samples. As the number of passes 
increased, the average value of microhardness increased from 127 HV0.1 to 165 HV0.1 (after both 3rd and 

4th passes), with values higher in the area below the upper surface, approximately 181 HV0.1. It is clear that 

when using the deformation route A, it is necessary to calculate with an uneven distribution of microhardness 

values, which corresponds to the theoretical conclusions presented in [5]. 

 

 

Figure 4 Microhardness in thickness distribution in DC01 sheets processed by DRECE method, route A 
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By measuring the distribution of micro-hardness after sheet thickness, extruded by the DRECE method using 

the deformation route C (Figure 5), when the sheet is rotated 180° between individual passes, it demonstrated 

the effect of the DRECE method on increasing micro-hardness. From the original average value of 127 HV0.1, 

an average value of 181 HV0.1 (after the 4th pass) was achieved with a maximum achieved value of 193 

HV0.1, which was achieved in the surface area of the sheet metal after the 4th pass. Microhardness over 

thickness shows an even distribution of micro hardness between the two ends of the sheet metal. This course 

can be attributed to the influence of rotation between individual passages, thus evenly dicing the applied 

deformation and thus the resulting values of microhardness after the thickness of the extruded sheet metal.  

 

 

Figure 5 Microhardness in thickness distribution in DC01 sheets processed by DRECE method, route C 

4. CONCLUSION 

The positive influence of the DRECE method on the change in the nature of the microstructure and the 

distribution of micro-hardness values after the thickness of the DC01 sheet metal strip has been demonstrated. 

Detailed analysis of the state of the microstructure depending on processing has shown that the dominant 

phenomenon is deformation hardening due to the accumulation of dislocations along the boundaries of the 

original grains and with an increasing number of passes even in the middle of deformed grains. Depending on 

the deformation routes analyzed, no significant difference was observed between the two types of deformation 

routes compared. A visibly higher degree of deformation was achieved in the subsuasive layers, and as the 

number of passes increased, the deformed layer shifted towards the center of the sheet thickness. No 

significant change in grain size was observed, which depending on the number of passes, remained the same 

as in the default state, i.e. according to ČSN EN ISO 643, the grain size G9 (surface area) was determined 

and locally at higher passes G8.5 in the middle of the thickness of the samples analyzed. Detailed analysis at 

TEM demonstrated the occurrence of accumulation of dislocations in deformed grains, which was more 

common in the subsuasive parts of the sheet metal. With an increasing number of passes, reordering of 

dislocations into regular substructures, separated by a low-angular boundary, was observed. It can be 

concluded that depending on the number of passes by the DRECE device, there is a gradual change in the 

nature of the microstructure with the assumption of further development of subsupply, separated by a large-

angle boundary, which is the main indicator of the required fragmentation of the original grain. 

It is expected that the positive effect of the DRECE method used on the achieved average microhardness 

values HV0.1 has been demonstrated, with these values increasing to 165 HV0.1 (deformation route A) and 

181 HV0.1 (deformation route C) respectively. In comparing the microhardness values after the thickness of 

the samples analyzed using the deformation route A, an unevenness was observed between the two sheet 

surfaces and the centre of thickness, where higher microhardness values were achieved on the top surface of 

the sheet metal. In the direction of thickness, these values decreased, with a partial emanation of the 
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distribution of microhardness as the number of passes increased, but the different character was maintained. 

In the case of samples that were processed using the deformation route C, this nature of the microhardness 

distribution was not significant, as was the case with route A used. Only minimal deviations could be observed 

between the edges of the sheet metal and the centre of thickness, but these were already apparent by default, 

i.e. from production.  

ACKNOWLEDGEMENTS 

Results in the contribution were achieved at solving of specific research project No. SP2021/104 with 
the name of ”Research and Development in Welding, Forming, Surface Treatments of Engineering 

Materials and Management of Engineering Production” solved in year 2021 at the Faculty of 
Mechanical Engineering of VSB - Technical University of Ostrava and project No. 8JPL19035: 

“Influence of SPD Process on Structure and Mechanical Properties of Al-Si Composites and Ti 
Alloys”. 

REFERENCES 

[1] ČADA, R., FRYDRÝŠEK, K., SEJDA, F., DEMEL, J., PLEVA, L. Analysis of Locking Self-Taping Bone Screw for 

Angularly Stable Plates. Journal of Medical and Biomedical Engineering. [online]. 2017, vol. 37, iss. 4, pp. 612-
625. Available from: https://doi.org/10.1007/s40846-017-0279-4. 

[2] LEE, H. H., HWANG, K. J., PARK, H. K., KIM, H. S. Effect of Processing Route on Microstructure and Mechanical 
properties in Single-Roll Angular-Rolling. Materials. [online]. 2020, vol. 13, iss. 11, 13 p. Available from: 

https://doi.org/10.3390/MA13112471. 

[3] KVAČKAJ, T., KOVÁČOVÁ, A., KOČIŠKO, R., BIDULSKÁ, J., LITYŃSKA-DOBRZAŃSKA, L., JENEI, P., 

GUBICZA, J. Microstructure Evolution and Mechanical Performance of Copper Processed by Equal Channel 
Angular Rolling. Materials Characterization. [online]. 2017. vol. 134, pp. 246-252. Available from: 

https://doi.org/10.1016/j.matchar.2017.10.030. 

[4] JABŁOŃSKA, M. B., KOWALCZYK, K., TKOCZ, M., BULZAK, T., BEDNARCZYK, I., RUSZ, S. Dual Rolls Equal 

Channel Extrusion as Unconventional SPD Process of the Ultralow-Carbon Steel: Finite Element Simulaion, 
Experimental Investigations and Microstructural Analysis. Archives of Civil and Mechanical Engineering. [online]. 

2021, vol. 21, iss. 1, 11 p. Available from: https://doi.org/10.1007/s43452-020-00166-3. 

[5] RUSZ, S., HILŠER, O., OCHODEK, V., ČADA, R., ŠVEC, J., SZKANDERA, P. Influence of SPD Process on Low-

Carbon Steel Mechanical Properties. MM Science Journal. [online]. 2019, vol. 2019, iss. June, pp. 2910-2914. 
Available from: https://doi.org/10.17973/MMSJ.2019_06_201890.  

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

329 

UNIVERSAL EQUATION OF METAL RESISTANCE DEPENDENCE TO DEFORMATION ON 

CONDITIONS OF THERMOPLASTIC PROCESSING 

1Sergey SHEYKO, 1Valerii MISHCHENKO, 2Anton MATIUKHIN, 1Olha BOLSUN, 
3Anton LAVRINENKOV, 2Elena KULABNEVA 

1Zaporizhzhia National University, Zaporizhzhia, Ukraine 

2”Zaporizhzhia Polytechnic” National University, Zaporizhzhia, Ukraine 

3National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine, 

sheyko.s@mail.ru, mishchen4@gmail.com, matiukhin85@gmail.com, ospodoroha@outlook.com, 

a.lavrinenkov@kpi.ua, kulabneva.elena@gmail.com 

https://doi.org/10.37904/metal.2021.4121 

Abstract 

Using finite element modelling and mathematical processing, the universal equation is obtained which 

establishes the dependence of the resistance of a metal to deformation on the conditions of thermoplastic 

processing of alloyed low pearlite steels. The finite element method is implemented in various software 

packages, such as Deform-2D / 3D, etc. For the correct formulation of the problem, and, consequently, the 

adequacy of the calculated results, in these software packages, it is necessary to set an exact description of 

the rheological properties of the material under study. In this regard, the availability of a mathematical model 

describing the rheological properties of a material for various conditions of deformation is an urgent task from 

a practical and scientific point of view. 

Keywords: Stress-strain state, energy-power parameters, thermoplastic processing 

1. INTRODUCTION 

Deformation conditions have a significant impact on the power parameters of the process, microstructure and 

mechanical properties of the finished product. Deformation resistance is an important characteristic in metal 

forming processes (MFP) for assessing the stress-strain state, energy-power parameters. The resistance of a 

metal to deformation is the flow stress of the metal under static conditions of plastic deformation [1]. The flow 

stress characterizes the mechanical properties of the material immediately before the entrance and exit from 

the deformation zone, as well as in the intervals between the stands, and in the pauses between passes, 

during rolling, respectively, on continuous and reversing mills. Therefore, the establishment of the regularities 

of changes in the metal flow stress is of great importance not only for the theory of rolling, but also for 

technology. Therefore, the establishment of the regularities of changes in the metal flow stress is of great 

importance. The object of the article is to obtain the universal equation, which establishes the dependence of 

the resistance of metal to deformation on the conditions of thermoplastic processing of steels using 

experimental dependences and mathematical processing. 

2. RESEARCH METHODOLOGY 

The general view of the metal flow curve is shown in Figure 1 [2]. The dependence is characterized by an 

increase σs (MPa) from the yield point σ0 (MPa) to a certain peak value σp (MPa) of the corresponding peak 

deformation εp (-), after which σs gradually decreases to the value corresponding to the steady state stress σy 

(MPa), at which an equilibrium of the processes of hardening and dynamic recrystallization occurs. It should 

be noted that in the section, corresponding to stresses from σ0 to σp, the metal hardening rate decreases due 
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to the prevalence of the dynamic recovery process over hardening. Dynamic recrystallization begins when 

deformation εx (-) is reached. The nature of the flow curve also reflects the change in the austenite grain. In 

the hardening section, until the deformation value εp is reached, the grains are refined, the dislocation density 

of the substructure increases, after which the dynamic recrystallization process develops intensively and, 

according to [2], the austenite grain size depends solely on stress σy. 

 

Figure 1 General view of the steel flow curve in the presence of dynamic recrystallization [2]. According to 

the theory of A. Nadai, the resistance of metals to deformation σs is described by the equation [3]: 

du
u

dddT
T

d
pppp
































            (1) 

where:  

σp  - is the yield stress (MPa) 

T - is the temperature (°C)  

ε - relative deformation (-) 

τ - is the deformation time (s) 

u - is the strain rate (s−1). 

The terms of equations (1) take into account the effect of temperature, relative deformation, softening in time, 

and stress changes on the resistance to deformation, taking into account the toughness of the metal. 

Recently, the laws necessary for solving equations (1) have not been sufficiently studied. Therefore, in 

practice, to determine σs, experimental data are used in the form of specific discrete values for certain 

conditions of deformation and steel grades or dependences approximating experimental data [4]. 

The data available in the technical literature on the rate dependence of the deformation resistance of steels 

are often contradictory [1,5] and do not always allow us to unambiguously judge the effect of one factor or 

another. Extensive experimental studies for various steel grades were carried out by P.M. Cook [6], A.A. Dinnik 

[7], V.I. Zyuzin and other authors [1,5]. 

There are a number of formulae for the dependence of the yield stress on the strain rate: 

1. V.I. Zyuzin: 

 TmuAAA
mm

p 33210 exp21              (2) 

where: 

ε - average degree of deformation (-) 

u - average rate of deformation (s−1) 

T - is the temperature of the environment (°C). 

A1, A2, A3, m1, m2, m3 - material constants 
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2. Formula E. Siebel and A. Pomp: 

m
p ub  0               (3) 

where: 

σ0 - is the yield point at static deformation (MРa) 

b and mu  - are constant factors depending on the material (-). 

3. Formula L.V. Andreyuk - G.G. Tyulenev: 

 
D

CB
p

T
uA 








1000

100              (4) 

This formula takes into account the influence of material properties, degree of deformation, strain rate and 

temperature, where: 

 A, B, C, D - material constants 

4. Formula A. Nadai: 

0
0 ln

u

u
mp                (5) 

where: 

m - is a constant coefficient depending on the material (-). 

The main disadvantage of this formula is the lack of values of the coefficients included in their composition for 

various metals and alloys. 

5. Formula A.I. Tselikov and V.A. Persiyantsev: 



















u
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p e
u

A
D



 10              (6) 

where: 

D - is the hardening modulus (MPa) 

A - coefficient of proportionality, which is the rate of relaxation (s-1) 

σ0 - static deformation yield stress (MPa) 

u - average strain rate (s-1). 

To describe the change in the yield stress, depending on the logarithmic strain, temperature and strain rate, 

mathematical models are used, which are presented in works [8,9]. 

Expressions (2-6) in general form correctly reflect the influence of thermal and mechanical process parameters 

on the yield stress σр.. The yield stress is a characteristic of the rheological properties of a material. In this 

regard, the dependences presented above do not fully reflect the rheology of the material. They can not only 

grow with an increase in the degree of deformation, but also decrease or remain unchanged. In this regard, 

expression (7), the Hensel-Spittel formula [8] is of interest: 

    TTuu
TT

p 94
3

1 exp1expexp 87652 
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where: 

σр - is the yield stress (MPa) 

ε - is the degree of deformation (-) 

u - is the strain rate (s-1) 

T - is the deformation temperature (°C) 

α1… α9 - are constant coefficients (-). 

Let's analyze it. Dependencies: 

    T52 1;exp;
41

   , 

with an increase in the degree of deformation ε, the yield stress σp increases. 

Dependence: 












3exp , helps to reduce the yield stress. 

Dependence:  

T
uu 76 ;


, 

with an increase in the strain rate, the yield stress increases. 

Dependence:  

   TTu
TT

9
exp;;;1 875   , 

can increase or decrease the yield stress, from the relationship of thermomechanical parameters. 

3. RESULTS OF THE STUDY 

As demonstrated in section 2, the Hensel-Spittel expression can describe the curve of stress dependence on 

thermomechanical parameters with different changes in values. The experimental data given in [10] are used 

to demonstrate this affirmation. The graphs in [10] show that in the case of small deformations (ε = 0.2 ... 0.3), 

the yield stress increases strongly with increasing deformation. At medium deformations (ε> 0.3), this increase 

in the yield point becomes less intense, and in some cases, with a further increase in deformation, it decreases. 

A preliminary analysis of the mathematical models carried out above, showed that the most acceptable formula 

for determining the yield stress at different thermo-mechanical parameters is the above-introduce equation (7). 

To determine the coefficients in the formula (7) α1...α9, you can use the experimental data presented in [10].  

A system of equations is compiled, the solution of which is the indicated coefficients. For example, at Т = 850 

°С, ε = 0.4, u = 1 s-1, σp = 225 MPa and at Т = 900 °С, ε = 0.6, u = 10 s-1, σp = 250 MPa, etc. We get the system 

of equations: 

1.     850exp850114.014.0exp
4.0

exp4.0225 9
850850

4
3

1
87652 


  








  

2.     900exp90010106.016.0exp
6.0

exp6.0250 9
900900

4
3

1
87652 


  








  

3, n. ……………………………………………………………………. 
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This system of equations, using the method of planning the experiment, is calculated in such a way as to 

determine the coefficients α1 ... α9. The processed experimental data, in accordance with the Reology program, 

made it possible to determine the coefficients αi (Table 1). 

Table 1 Coefficients obtained by approximation  

α1 α2 α3 α4 α5 α6 α7 α8 α9 

8.2·10-5 5.2·10-1 -16.3·10-5 1.1·100 -3.4·10-3 -2.2·10-1 33.6·10-5 2.97·100 -4.95·10-3 

Сomparative curves (approximating and experimental) are represented at different temperatures, degrees and 

rates of deformation is shown in Figures 2, 3 [11]. 

 

Figure 2 Dependence of flow stress on deformation 

 

Figure 3 Dependence of flow stress on deformation 

Analysis of the graphs shows the comparability of experimental and theoretical data, with the exception  

of the curve, at T = 1200 °C. At a strain rate u = 100 s-1, there is a significant deviation of the practical curve, 

from ε = 0.1 to ε = 0.5 [11]. 
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Thus, a feature of this approximation is that the obtained formula can be used to take into account the rheology 

of various steel grades. The dependence of the yield stress on deformation can be increasing, decreasing, or 

not changing. 

This formula can be used to calculate the energy-power parameters and the yield stress of the metal at each 

point of the deformation zone. 

As a result of mathematical processing, an equation Mishchenko-Sheyko was obtained showing the 

dependence of the resistance of the metal to deformation on the conditions of thermoplastic processing: 

   






 
  T

p
003363.0524152.0 111363.1exp

000163.0
exp000082.0 


  

 TTuu T 004952.0exp97098.2000336.0216846.0   .          (8) 

Equation (8) allows taking into account the rheology of material properties for different conditions of 

deformation in comparison with the Hensel-Spittel equation. 

To analyze the established patterns of changes in the resistance of the metal to deformation, three-dimensional 

graphical dependencies were built [11].   

4. CONCLUSION 

Thus, using the previously obtained experimental dependences in [10,11] and mathematical processing, a 

universal equation (8) Mishchenko-Sheyko, was obtained that establishes the dependence of the resistance 

of the metal to deformation on the conditions of thermoplastic processing of alloyed low pearlite steels.  
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Abstract 

The paper deals with numerical simulation when optimizing the production of gutter corner for rainwater 

systems. The deep drawing process has been numerically simulated using Pam Stamp software by ESI Group. 

Blank geometry, material quality and process parameters have been optimized. The elasto-plastic material 

model by Hollomon combined with orthotropic Hill 48 yield law were used in numerical simulation to describe 

material behaviour. These were defined on the results from tensile test, normal anisotropy ratio test and strain-

hardening test. Simulations were done for two different quality of the hot deep galvanized steel sheet - 

DX54D+Z and DX56D+Z. As a results, process window for the gutter corner produced by deep drawing 

process have been found. Stated optimal process parameters were verified by experiment when lamination 

tooling concept has been adapted for production of the punch.  

Keywords: Deep drawing, anisotropy, numerical simulation, optimization, verification 

1. INTRODUCTON 

Nowadays, in the time of digitization, computer aided systems have become a part of product design and their 

production process design as well. It resulted in a reduction of both production time and costs. The production 

process of deep-drawn parts is designed by CAE systems, which are based on numerical simulation. The finite 

element method is mainly used in the simulation of forming processes of metals and their alloys. [1,2] 

When we create a simulation model as an artificial object, we can investigate its behavior under specified 

conditions during the simulation process. In the finite element method, both the die and the workpiece are 

divided into elements. Boundary conditions and process parameters (force, friction, velocity, etc.) are applied 

to the elements of die, while constitutive equations describing material behaviour (hardening curve, yield law, 

etc.) are applied to the elements of workpiece. As a result, the major and minor stresses and strains are 

calculated for each element and these are visualized on the workpiece’s mesh. The other results can be shown 

as the thickness or thinning/thickening distribution over the workpiece, strain distribution over elements 

compared to the forming limit curve, etc. [3,4] 

Today, 3D CAD or CAD/CAM software allows us to design complex components produced by deep drawing. 

Thus, new technologies known as Rapid Tooling for rapid production of deep drawing dies are applied to verify 

process parameters proposed by numerical simulation. These processes are based on additive and subtractive 

technologies, such as laser cutting, laser welding and CNC milling. To reduce manufacturing time and costs, 

various technologies for cutting, assembling, and joining metal sheets using the LOM principle are used. 

The development and improvement of the process chains for manufacturing of large tools was done at 

the Fraunhofer Institute for Material and Beam Technology. [5,6] 

The aim of the paper was to find out the process window for the deep drawing of the gutter corner by numerical 

simulation. Next, to verify experimentally the results by applying rapid tooling principle to build the drawing die. 
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2. METHODS OF EXPERIMENTS 

To define the process window - material thickness and quality, blank shape - the deep drawing process of the 

gutter corner for rainwater system (Figure 1) was designed and numerically simulated. The draw-piece was 

complicated in shape due to a low inside radius and non-uniform material plastic flow in the straight die parts 

(high plastic flow) and inside radius (low plastic flow) when produced by deep-drawing. Thus, 

the aforementioned causes excessive stretching due to tensile radial and tangent stresses at the inside radius, 

and cracks may occur when an oversize blank-holding force or an excessive blank are applied. 

 

 

Figure 1 The draw-piece - gutter corner Figure 2 Simulation model of the deep-drawing 

process 

The deep-drawing process numerical simulation of the gutter corner was performed on simulation model 

consisted of Die, Punch, Blankholder and Blank. The die setup after meshing the 3D CAD model in Pam Stamp 

2G is shown in Figure 2. The Pam Stamp preprocessor was set with the following input data: basic material 

data (density, Young's modulus, Poisson's constant), blank thickness, plastic strain ratios r0°, r45° and r90°, yield 

law defined by Orthotropic Hill 48 model and strain-hardening curve defined by Hollomon’s law as follows:  

nK    (1) 

where:  σ - true stress (MPa) 

 K - strength constant (MPa) 

 n - strainhardening exponent (-) 

Hot deep galvanized steel sheet was considered for part production. Two quality of this steel were used in the 

simulations, which differed by formability parameters (Table 1) and thickness of 0.6 and 0.7 mm. 

Table 1 Mechanical properties of hot deep galvanized steels 

Quality 
Rp0.2 

(MPa) 
Rm 

(MPa) 
r0 

(-) 
r45 

(-) 
r90 

(-) 
K 

(MPa) 
N 
(-) 

DX54D 178 ± 7 298 ± 6 1.98 1.04 1.59 494 ± 8 0.207 ± 0.008 

DX56D 142 ± 8 297 ± 5 1.62 1.42 2.03 575 ± 9 0.274 ± 0.006 

Note: Rp0.2, Rm, K and n are averaged values from 0°, 45° and 90° 

The blankholding force 220 kN has been set, as calculated from the blankholding pressure 2 MPa for drawing 

quality steel sheets. The friction between blank and blankholder, die and punch was set to 0.1. The blank size 

and shape tested in numerical simulation are shown in Figure 3. 
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Blank shape A 

 

Blank shape B 

 

Blank shape C 

Figure 3 Variants of the blank shape 

The experimental drawing die shown in Figure 4 has been designed using the CAD/CAM system Creo to verify 

the optimal process parameters. The welded box structure of upper (drawing die) and lower (blankholder) die 

parts were created from thick steel sheets. Holes, i.e. functional surfaces in the drawing die and 

the blankholder, were cut by plasma and machined by milling. 

The MELATO method was implemented to manufacture the punch [6]. The punch body was cut by plasma 

from a thick steel sheet of 20 mm thickness (punch base) and thin steel sheets of 5 mm and 1 mm (punch 

body). Laser was used to cut the lamellas, which were then stacked on the punch body and held together 

by pins. To create a smooth outer surface of the punch, a two-component polyester filler Galvaplast 77 was 

applied - Figure 5. After its hardening, the punch's outer surface was grinded to its final shape. 

 

 

 

Figure 4 Experimental drawing die Figure 5 Punch made from lamellas 

3. RESULTS AND DISCUSSION 

The initial numerical simulations have been done for material DX54D+Z, thickness 0.6 mm, blank shape A, 

friction f = 0.1. The deep drawing process has been verified by the forming limit curve (FLC), calculated by the 

Keeler model in the Pam Stamp 2G software [7]. Calculated true strains have been compared to the FLC curve 

in "Zone by Quality" mode. The rupture risk has also been calculated based on the element's distance from 

the FLC curve (percentage; 100 % - point on the FLC curve; > 100 % rupture). It has been found the inside 

radius R49 is a critical area, due to cracks that have occurred here and the rupture risk has reached 136 %.  
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Following numerical simulations have been focused to the blank shape optimization. The dimensions of the 

initial blank shape A have been calculated from the part dimensions and shape - outside curling and inside 

hem. The excessive material in the flange could make the plastic flow improper and blank fracture would occur. 

Based on the results of the numerical simulation, the second blank shape has been proposed and radius R300 

applied to the blank shape A. It has been supposed to reduce radial stress and more homogeneous plastic 

flow. In the forming limit diagram only few elements exceeded FLC curve and the rupture risk dropped down 

to 112 %. The minimal blank thickness was 0.436 mm, i.e. 31.9 % thinning. 

The result of the numerical simulation for the blank shape C is shown in Figure 6. Some elements have 

reached the marginal zone (between FLC and the dashed line) and two elements are lying on the FLC curve 

with a rupture risk of 100.6 %. The minimum blank thickness was 0.454 mm, indicating a 27.8 percent thinning. 

This indicates that the deep drawing process has reached its limits. Some results of numerical simulations for 

material DX54D+Z, friction 0.1, and different blank shapes are shown in Table 2. 

Table 2 Selected results of numerical simulations when optimizing the blank shape (x-axis = rolling dir. 0°) 

Blank shape  
Minimum thickness 

(mm) 
Thinning                   

(%) 
Rupture risk 

(%) 

A 0.411 37.7 136 

B 0.436 31.9 112 

C 0.454 27.8 101 

 

 

 

 

Figure 6 Forming Limit Diagram evaluation, f = 0.1, blank C, x = 0° 

Consequently, another improvement in the deep drawing process is required to reduce the rupture risk. There 

are more ways to make the deep drawing process more safe, i.e. without fracture: increasing material 

thickness, improving material drawability or utilizing the positive effect of material anisotropy.  

Normal anisotropy is one of the important material characteristics necessary to consider when the deep 

drawing process is designed. The plastic strain ratio, as a drawability criterion, expresses the sheet metal's 

resistance to thinning during the deep drawing process. The higher value of the plastic strain ratio gives 

a higher resistance to thinning. Otherwise, when consider the planar anisotropy of the normal anisotropy ratio 

calculated as follows: 

 90450 rr2r
2

1
r   (2) 

where: r0, r45 and r90 - plastic strain ratio measured in 0°, 45°and 90° to rolling direction.  

The lower values of Δr are required. [8,9] 
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Thus, directional values of the normal anisotropy ratio are important, mainly when box-shaped parts are deep 

drawn. The best results have been found when the highest values of normal anisotropy ratio (directions 0° 

and 90°) go through the corners, where the highest degree of deformation occur [10]. Based on mentioned, 

the knowledge has been applied and the sheet metal rolling direction has been oriented 45° to the x axis. This 

offers the normal anisotropy ratio highest value to the inside corner area where the highest strains have been 

identified. Consequently, the lower material thinning and lower rupture risk are expected as well. 

The forming limit diagram for the blank shape C when rolling direction x = 45° is shown in Figure 7. The positive 

effect of the highest value the plastic strain ratio positioning to the critical area resulted in major and minor 

strains lowering. The minimal thickness in the critical area was 0.476, i.e. 23.1 % thinning with rupture risk 

91.4 %. All elements have reached the safe zone of the forming limit diagram. The results of numerical 

simulations are summarised in Table 3. 

 

 

 

 

Figure 7 Forming Limit Diagram evaluation, f = 0.1, blank C, x = 45° 

Table 3 Selected results of numerical simulations when optimizing material quality and blank thickness 

Material quality and 
thickness  

Rolling direction 
(°) 

Minimum 
thickness 

(mm) 

Thinning             
(%) 

Rupture risk 
(%) 

DX54D+Z, a0 = 0.7 x = 0° 0.536 27.6 96.5 

DX56D+Z, a0 = 0.6 x = 0° 0.461 22.8 97.9 

DX54D+Z, a0 = 0.6 x = 45° 0.476 23.1 91.4 

Note: blank C, f = 0.1 

The deep drawing process experimental verification has been done on the hydraulic press Fritz Muller BZE100, 

using an experimental drawing die of a welded box structure and the punch produced by the laminated tooling 

technology. The plastic foil used as a lubricant offers a friction coefficient f < 0.1. [11,12] 

The final drawn part of the gutter corner for blank shape C, material DX54D+Z, thickness a0 = 0.6 mm 

and anisotropy orientation x = 45° is shown in Figure 8 and the result of numerical simulation is shown 

in Figure 9. Good agreement of the flange shape has been found when compare experimentally drawn part 

and numerically simulated. 

The process window for material quality, thickness and blank shape is shown in Table 4. As it is shown, there 

more ways to reach the draw-piece, i.e. gutter corner without fracture. The most effective way appears to be 

material DX54D+Z, blank shape C, thickness 0.6 mm, but the best value of plastic strain ratio must be oriented 

to the critical area, i.e. inside radius of the gutter corner (x = 45°). 
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Figure 8 Experimentally drawn part Figure 9 Numerically simulated drawn part 

Table 4 The process window when optimizing the deep drawing process 

 DX54D+Z DX56D+Z 

Blank thickness/shape A B C A B C 

0.6 X X X / X X  

0.7 X X  X   

Note: f = 0.1; blankholder force 220 kN; X /- x = 0°/x = 45° 

4. CONCLUSION 

The paper presents some results of numerical simulations realized when designing and optimizing the deep 

drawing process of the gutter corner. Numerical simulations allowed us to verify process parameters (friction, 

material thickness and quality) and determine the blank shape. When concluding the results of numerical 

simulations, the positive effect of the highest value of the plastic strain ratio when positioned in the critical area 

of the drawn part helped to make the deep drawing process safe. Consequently, the blank rupture risk 

decreased by 8 %. The results have been verified experimentally using a drawing die of a welded box structure 

with a punch made by a modified MELATO method. The presented method is suitable for large punch sizes 

in pre-production of new components. As a result, laminated tools can be made and modified in a timely and 

cost-effective manner. 
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Abstract 

Main aim of this paper is to describe the plastic deformation executed by ECAP during low cycle fatigue of 

steel AISI 316. Among others, main attention was fixed on mechanical properties after this treatment. 

Experiments were planned and realised at temperature ranging from room temperature up to 280 °C. 

After deformation the structure was investigated to evaluate accumulation of deformation, deformation 

temperature as well as above-mentioned final properties. Accumulated true (logarithmic) deformation varied 

from the value 2 to 8. Structures were investigated via scanning electron microscope JEOL JEM 2100. 

Mechanical properties were evaluated by conventional tensile test and penetration test. Selected samples 

were subjected to low-cycle fatigue. Statistic evaluation of angular disorientation and grain/sub-grain size was 

also carried out with use of electron diffraction (EBSD) in combination with scanning electron microscope FEG 

SEM Philips. The ECAP was applied on austenitic steel AISI 316. 

Keywords: Mechanical properties, low cycle fatigue, AISI 316, ECAP 

1. INTRODUCTION 

Stainless steel is a widely used structural material in various fields such as nuclear power plants or 

petrochemical industry. Steel AISI 316 is different from other stainless steel grades because of reduced content 

of C (0.03 wt. %) and the addition of Mo (2.5 wt. %). The addition of Mo is known to improve both corrosion 

resistance and hot deformation behaviour [1]. Moreover, Mo in solid solution acts as a favourable element in 

reducing dislocation mobility. It is related to the stacking fault energy of the material and the magnitude of 

controls that ease the cross-slip [2]. Deformation twins are expected to form easily in steel AISI 316 with low 

SFE, and play an important role in determining the subsequent microstructure during deformation process 

instead of cross-slip [3]. Coincidence site lattice boundaries, especially twin boundaries have low grain 

boundary energy compared to random boundaries. It is generally accepted that low energy grain boundaries, 

as contrasted with high energy boundaries, are highly resistant to grain boundary deterioration. A report 

suggested that the microstructure of steel AISI 316 was stable in spite of the prolonged annealing 

at 700 °C [4]. The grain size and the fractions of the twin boundaries were similar for all annealing conditions. 

From above investigations, it is deduced that once the microstructure is controlled to form high density of twin 

boundaries, the chemical, mechanical properties of material could be more enhanced than the material with 

random boundaries. Therefore, the way to generate high density of twin boundaries, their stability and effects 

on mechanical properties becomes great concern. 

2. EXPERIMENT DESCRIPTION 

A series of samples made of austenitic stainless steel AISI 316 was processed by the ECAP technology. 

Basic chemical composition is given in the Table 1 and mechanical properties in the Table 2.  
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Table 1 Basic chemical composition of the steel AISI 316 in 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 °C) 

Steel grade  
E 

(GPa) 
Rp0.2 

(MPa) 
Rm 

(MPa) 
A 

(%) 
Z 

(%) 
KV 
(J) 

HB 
(-) 

AISI 316 216 330 625 45 - 90 21 

The samples were manufactured with the following dimensions:  12 mm, length 60 mm. They were pushed 

through the ECAP matrix 2 to 8 times passes [5]. 

Matrix had channel diameter 12 mm and angle of 105°. Pressure in the matrix was kept on 740 MPa. 

Temperature of extrusion varied from room temperature up to 280 °C. After extrusion, material was taken from 

the samples for metallographic testing and testing bars were manufactured for evaluation of mechanical 

properties. In order to expand the existing findings the testing bars were exposed to intense magnetic field and 

impact of magnetic field on mechanical properties was investigated by tensile test. The sample was subjected 

to structural analysis after eight passes through the ECAP Ten samples were determined for investigation of 

influence of the ECAP technology on fatigue properties. Individual samples were subjected to different number 

of passes:  3 pieces had 4 passes, 4 pieces had 5 passes and 3 pieces had 6 passes. Test samples for testing 

of low-cycle fatigue had diameter of the measured part 5 mm and overall length 55 mm. 

Amplitude of plastic deformation was the key factor for control of fatigue process. The following equation was 

used for the dependence ap - Nf  [6] : 

'WQ � '� ∙ �2 ∙ ����
                                           (1) 

where f is coefficient of fatigue ductility, c is exponent of the service life curve. 

3. RESULTS AND THEIR ANALYSIS 

3.1. Structure  

Structures were analysed from the viewpoint of the course of strengthening and restoring processes. Figure 1 
documents deformed sub-structure of the steel AISI 316 after ECAP deformation by 4 to 8 passes through the 
die. 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. 

Density of dislocations in metallic matrix was very high, presence of precipitate particles was not found. 
In cases where 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. Figure 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 Figures 1 and Figure 2. Deformation bands in 

austenitic steels can be formed by irregularly overlapping tiered errors, deformation twins or -martensite. 

These deformation bands are formed along octahedral planes {111}  of austenitic matrix. 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 [7]. 
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a) deformation by 4 passes b) deformation by 6 passes c) deformation by 8 passes 

Figure 1 Structure of steel AISI 316 after ECAP 

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 

Figure 1b and Figure 1c. 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 [8]. 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 

taken 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  

Samples after ECAP with number of passes (4,5,6) were used for investigation of influence of the ECAP 

process on fatigue properties of the steel AISI 316 with special focus on the area of low-cycle fatigue. In order 

to expand the existing findings the testing bars were exposed to intensive magnetic field. Effect of magnetic 

field on change of mechanical properties was investigated from tensile test results as seen in Table 3. 

Table 3 Influence of magnetic field on mechanical properties of the steel AISI 316 

Designation 
E 

(MPa) 

Rp0.2 

(MPa) 

Rm 

(MPa) 

Z 

(%) 

1 190,837 271.3 586.2 80.6 

2 200,717 280.6 586.2 80.6 

Magnetic field 1,188,276 283.1 588.5 81.5 

Magnetic field 2,201,817 278.4 587.6 80.6 

Magnetic field 3,195,199 282.1 592.0 80.8 

 

Figure 2 Diffraction pattern and structure of 

steel AISI 316 after ECAP, deformation by 

8 passes 
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Results of tensile tests showed that influence of magnetic field on mechanical properties determined by tensile 

test was not confirmed in investigated material. Minor differences in individual mechanical properties can be 

attributed to the scatter of mechanical properties within the frame of poly-crystalline materials. 

Mechanical properties change in dependence on numbers of passes, strength properties (Rp0.2 and Rm) 

distinctly increase and plastic properties described by narrowing almost do not change (see Table 4). 

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. 

Table 4 Change of mechanical properties of steel AISI 316 after the 2nd to 5th pass 

Number of  
ECAP passes 

Rp0.2 
(MPa) 

Rm 
(MPa) 

E 
(MPa) 

A 
(%) 

Z 
(%) 

Initial state 330 590 190,000 60 - 

2  899 916 179,215 22 68 

3  970 998 180,125 15 60 

4 1,063 1,099 179,819 15 60 

5 1,103 1,140 182,028 15 60 

Increase of strength properties in dependence on grain size d (mm) is determined by the Hall-Petch  

relation [9]: 

�� � �� � �� ∙ N9/<           (2) 

where y (MPa) is the yield stress, 0 (MPa) is the internal stress, 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 

Testing specimens for determination of the Manson - Coffin curve and curve of cyclic deformation 

strengthening were prepared from extruded samples after 2 to 6 ECAP passes. Apart from extruded samples 

the initial state was tested as well. The aim was to determine influence of number of ECAP passes on shape 

and position of the Manson-Coffin curve and curve of deformation strengthening. Altogether 10 samples were 

processed after application of the ECAP technology (3 samples after 4 passes and 6 samples after 

and 4 samples after 5 passes) and 12 samples with initial structure. 

Test of low-cycle fatigue was performed according to the standard ASTM E 606 at laboratory temperature on 

servo-hydraulic testing equipment MTS 100 kN by strain control mode testing. During these tests a constant 

amplitude of total strain ac was preserved. Tests of low-cycle fatigue were realised at constant strain rate 

4∙10-3 s-1. Longitudinal deformation of testing specimens was read by the sensor MTS 632-42C-11 with the 

gage length 12 mm. 

During loading of individual testing specimens, hysteresis curves were read and recorded (dependence stress 

- strain), from which after rupture of individual testing specimens the level of elastic (ael) and plastic 

deformation (apl) for Nf / 2 was evaluated. 
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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 deducted amplitude of 

plastic deformation apl, amplitude of elastic deformation ael and amplitude of stress a. Curves of service life 

expressed in the form were plotted from experimental data [10]: 

'W� � 'W�� � 'WQ� � �´�� ∙ ����� � '� ∙ �����
                                                   (3) 

Cyclic stress-strain curves were also determined for complex assessment of response of steel after the ECAP 

to alternating plastic deformation in traction - pressure [11]: 

�W � � ∙ 'WQ�-                                                                      (4) 

Manson-Coffin curves of service life were plotted from the obtained values, as well cyclic curve of deformation 

strengthening. These values characterise deformation behaviour of material for prevailing time of its fatigue 

service life and they are therefore material characteristics. Results of individual test of low-cycle fatigue were 

processed in a form of graphic diagrams (see Figure 3, Figure 4 and Figure 5). 

  

Figure 3 Dependence of plastic portion of 

deformation amplitude on number of cycles 

Figure 4 Dependence of elastic portion of 

deformation amplitude on number of cycles 
 

 

Figure 5 Cyclic stress-strain curves 

4. CONCLUSION 

The following findings were obtained on the basis of experimental works. Mechanical properties of the steel 

AISI 316 were determined by miniaturised tensile test, as well as penetration test, selected samples were 

subjected to verification analysis of their chemical composition. Basic mechanical properties of the steel 
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AISI 316 were determined in dependence on number of passes. Series of experiments were also realised 

in order to verify influence of intensive magnetic field on structure and mechanical properties of this steel. 

Fatigue behaviour of the steel AISI 316 was investigated after application of various number of passes through 

the ECAP die, structural stability was preserved, however, fatigue service life in the area of timed fatigue 

strength decreased after application of ECAP. 

It follows from these results that materials with ultra-fine grain size after intensive plastic deformation by the 

ECAP technology at fatigue loading in the mode of constant amplitude of deformation (low-cycle fatigue) show 

shorter fatigue service life in comparison with initial state. Nevertheless, it is possible to regard as highly 

positive 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 confirms findings published in the work, where it was observed and verified on Cu [5]. It can be 

predicted on the basis of obtained results that, contrary to low-cycle fatigue the ultra-fine grained material at 

fatigue load in the mode of constant amplitude of stress (high-cycle fatigue) will manifest 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 purpose of this work is to investigate the structure formation in intermetallic γ-TiAl alloys by using a 

complex plastic deformation technology under non-stationary temperature conditions with niobium doping. 

Also, in given work, the using of Hall-Patch model, the interrelation of the nanostructured quantities with 

strength characteristics is considered. It allows to obtain materials with increased plasticity by an optimal 

combination of mechanical properties over a wide range of temperatures. The paper considers the influence 

of the stress-strain state of the formation structure and properties of γ-TiAl alloys obtained under 

thermochemical pressing, with the help of computer modeling program Deform. The process of extrusion rods 

is characterized by uniform compression stress, which provides γ-TiAl alloys best in these conditions’ plastic 

properties. It was shown that high-temperature synthesis intermetallic γ-TiAl compounds in the powder mixture 

in a pure elements SHS intermetallic compression allows to obtain an alloy having an average grain size of 

about 30 microns. An increase in the degree of plastic deformation of the intermetallic product synthesized 

under pressure in the conditions of the thermochemical pressing allows to reduce the size of the grain in the 

final product by an order of magnitude and even to form a sub-microcrystalline granular structure in the 

intermetallic alloy. 

Keywords: Metal forming, intermetallic alloy, thermochemical pressing, grain size, properties, structure 

1. INTRODUCTION 

The introduction should provide a clear statement of the study, the relevant literature of the study, subject and 

the proposed approach or solution. Light alloys, based on titanium aluminide with TiAl phase, are currently 

considered as potential construction materials to use at temperature range 600 - 900 °C and they, as 

supposed, will find wide application in the near future. It has a unique complex of mechanical properties in 

comparison with traditional construction materials. It includes high specific strength and elasticity, which persist 

to high temperatures, high heat and oxidation resistance. These properties are due to the highly directional 

covalent component in the interatomic bond and the ordered atomic structure. At the same time, TiAl alloys 

are predominant in comparison with ceramic materials, owing to definite ductility and fracture toughness. The 

most promising application of TiAl alloys is in aircraft and space vehicles. The lightweight exterior panels with 

cellular filler and rigid thin-walled integral structures can be manufactured from these materials [1]. The main 

attention of the intermetallic γ-TiAl alloys developers in the last two decades was concentrated on achieving 

the optimal combination of mechanical properties by varying the microstructure from fully lamellar to duplex 

with varying grain size and plate thickness [2]. Depending on the alumina content alloys, based on γ-TiAl are 

divided into two groups: single-phase γ-alloys (50 - 52 % Al) and two-phase γ + α2 alloys (44 - 49 % Al). 

Through the obtaining technology with hot-deformation modes and heat treatment of biphasic alloys, three 

basic types of intermetallic structure are distinguished: lamellar, recrystallized (globular) and bimodal (duplex). 

Nowadays, three generations of industrial intermetallic alloys, based on γ-TiAl with different types of structure, 

are developed [3]. In our opinion, to give the TiAl alloy product the final properties, it is necessary to subject 
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plastic deformation in the high-temperature phase region to obtain a plate structure. It provides the best 

combination of high-temperature properties - strength, creep resistance, with room ones - plasticity and 

fracture toughness. Apparently, plastic deformation can be effective not only for the production of fine-grained 

semi-finished products but also for controlling the parameters of the plate structure in TiAl alloys. In particular, 

it can be used for obtaining plate-like microstructures with a small colony size and nanocrystalline interplanar 

spacing, which are of great interest [4]. The purpose of this work is to investigate the structure formation in 

intermetallic γ-TiAl alloys by using a complex plastic deformation technology under non-stationary temperature 

conditions with niobium doping. Also, in given work, the using of Hall-Patch model, the interrelation of the 

nanostructured quantities with strength characteristics is considered. It allows to obtain materials with 

increased plasticity by an optimal combination of mechanical properties over a wide range of temperatures. 

2. RESEARCH METHODOLOGY 

On the basis of the results of the above papers [5-15] and the earlier self-study results of the thermochemical 

pressing process [5,6,14], an attempt was made to determine the basic patterns of deformation and structure 

formation, to determine the ways and methods of controlling the processes of forming the structure and 

properties of compressed articles under conditions SHS In order to solve the problem, the method of 

mathematical modeling is used, in the implementation of which can be conditionally distinguished the following 

main stages: the idealization of internal properties of the given process (object) and external influences 

(construction of the physical model); mathematical formulation of the behavior of a physical model 

(construction of a mathematical model); choice of method for studying a mathematical model and conducting 

this research; analysis of the obtained mathematical result. 

In the mathematical description of thermochemical pressing, it is necessary to take into account the 

thermokinetic characteristics of the process, the velocity of the reactant and its macroscopic density. Therefore, 

in addition to the kinetic equations for the formation of the intermetallic structure, the activation energy and 

chemical transformation, it is necessary to use the rheological equations used in describing the rhodynamic 

models, which allows us to carry out numerical calculations of the kinetic dependences of the basic parameters 

of the process of compressing the product of high-temperature synthesis - the temperature of synthesis, the 

completeness of chemical transformation, macroscopic the density of the product of synthesis, the level of 

elastic stresses in the product, the velocity of its melting point deformation and grain size finite product. The 

starting material for SHS synthesis of the intermetallic compound TiAl is a powder mixture of nickel with 

aluminum, placed in the form of a molding in a closed mold. The powder compactor is warmed up to a given 

temperature and ignites in the mode of thermal explosion when the external pressure is applied, under the 

action of which the compression deforms.  The plastic deformation ceases when the synthesis product is 

cooled to a temperature Tk, at which it loses ductility. For a mathematical description of the process of extrusion 

of a high-temperature synthesis product, it is necessary to determine a system of equations that takes into 

account the distribution of the thermo-kinetic and rheological properties of the synthesis product in a mold and 

caliber. For the final grain size of the intermetallic product under the SHS compression, we can write [6,9]: 
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where  Dthe initial size parameter of the grain, 

            c -  heat capacity of the initial mixture, 

relative density, 

             k0 -  pre-exponential factor, 
             E  - activation energy of  a chemical reaction, 

             Ea  - energy of activation of grain growth, 

             Tathe material temperature in the matrix, 

             T0  -  initial temperature. 
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Computer simulation of the hot-deformation processes of intermetallic γ-TiAl alloys is made using the software 

package Deform. The Deform program is a powerful system for modeling technological processes designed 

to analyze the three-dimensional behavior of the metal under various pressure processing processes. The 

program is based on the finite element method, one of the most well-known, reliable and currently used 

calculation methods. An automatic grid generator allows you to build an optimized finite element grid, 

thickening it in the most critical areas. In addition, the program provides important information on material flow 

and temperature distribution during the deformation process, which allows modeling a complete list of pressure 

processing processes and solving deformation and heat transfer problems. In solving the thermal deformation 

problem of compressing γ-TiAl alloys into the Deform program, the following output data were integrated: H0 

= 50 mm, r1 = 25 mm, r2 = 15 mm, Tad(TiAl) = 1654 K, T0 = 300 K, p0 = 0.6, pTiAl = 3800 kg/m3, cTiAl= 600 J/kg·K, 

Ea(TiAl) = 79 kJ/mol, DTi = 100 μm. In work [8], based on experimental research’s methods of kinetic interaction 

in intermetallic alloys in SHS conditions, it was established that for obtaining γ-TiAl alloy the activation energy 

was nearly 79 kJ/mole and pre-exponential coefficient k0 = 7.2·108 s-1. In solving the thermoforming problem 

of compressing γ-TiAl alloys into the Deform program, the following data were integrated: 

- the rheological properties of the γ-TiAl alloys σ = f (ε, u, T), obtained experimentally on the Gleeble-3800 

complex [6,7], which makes it possible to carry out numerical calculations of the kinetic dependences of the 

basic parameters of the process of compression of the product of high-temperature synthesis - the temperature 

of the system, the completeness of the chemical transformation, the macroscopic density of the synthesis 

product, the level of elastic stresses in the product, the speed of its plastic deformation and the grain size of 

the final product. 

 parameters of the hydraulic press, according to the passport and the layout of the equipment; 

 deformation and velocity (degree of deformation, displacement of the punch, etc.); 

 temperature and temporal (thermophysical characteristics of the deformable and material of the 

technological instrument, coefficients of heat transfer, radiation, duration of pause, etc.). 

To simulate the compression of the γ-TiAl alloy, the original finite element grid consisted of 100 elements 

grouped in a rectangle of 10 elements on one side. The sample in question was a cylinder 60 mm in diameter 

and 90 mm high. 

3. RESULTS OF THE STUDY  

The simulation results of the stress-strain state of TiAl alloys are presented in Figure 1. The process of 

extrusion is characterized by a stress of comprehensive compression, which provides the material the best in 

these conditions’ plastic properties. Under the influence of compressive stresses, the material flows in the 

direction of the largest gradient of stresses - from the surface of the punch, where they have the maximum 

value, to the caliber of the matrix (Figure 1, b), where the normal stresses on the free surface of the tangent 

material are zero. 

Comprehensive uneven compression provides the material with the highest ductility compared to other 

processes of metal treatment, but this feature of the process is manifested in extremely uneven deformations. 

In this case, only the compressive voltages acting continuously in the direction of extrusion from the maximum 

values to zero are not always in full volume of the deformed material. The presence of the difference between 

the intersections of the container and the caliber of the matrix, the forces of contact friction and other factors 

leads to the fact that the particles of the material begin to move not only in the directions of the greatest 

deformation, but also in transverse directions. The latter contributes to the emergence of local (additional) 

stresses, the magnitude of different, direction and sign, and the emergence of tensile stresses. This is 

facilitated by the movement of material particles along trajectories of different lengths with velocity, change in 

the process of passage through different zones. The results of modeling the stress-strain state of TiAl alloys 

are shown in Figure 2. 
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                             a                                   b                                   c                                  d 

Figure 1 Simulation of the process of SHS pressing of the intermetallic TiAl alloy in the program Deform:  

a - the initial workpiece for calculation, b - the direction of the tensile metal in the workpiece, c - the pattern  

of the intensity distribution of stresses, d - the intensity of deformation 

 

Figure 2 Modeling of pressing processes of TiAl alloys 

In the conditions of the synchronization of thermal processes of the SHS and the dynamic compactation of the 

synthesis product, it is possible to obtain a compact intermetallic alloy with a highly dispersed structure, the 

size of which is much smaller than that of the alloys obtained by the methods of casting, sintering or shock-

wave action on the synthesized product. Grinding of grain of intermetallic alloy in the process of its synthesis 
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under pressure occurs as a result of plastic deformation of the product of synthesis and high cooling rates 

(Figure 3). High-temperature synthesis of the intermetallic compound γ-TiAl in a powder mixture of pure 

elements in the conditions of thermochemical pressing at a thermal explosion at a minimum external pressure 

on the mixture allows obtaining an intermetallic synthesis product with an average grain size of ~ 30 μm. An 

increase in the degree of plastic deformation of the intermetallic product synthesized under pressure in the 

conditions of the thermochemical pressing allows to reduce the size of the grain in the final product by an order 

of magnitude and even to form a sub-microcrystalline granular structure in the intermetallic alloy [12,15]. The 

graphical interpretation of calculated results is shown on Figure 3. 

 

Figure 3 The dependence of grain size of TiAl intermetallic on deformation and temperature degree 

4. CONCLUSION 

Thus, a mathematical model aimed at obtaining γ-TiAl alloys with a given structure and properties is proposed 

and implemented, based on the use of data on the features of the physical modeling of the thermochemical 

pressing process and the DEFORM software complex. High-temperature synthesis of intermetallic compound 

γ-TiAl in a powder mixture of pure elements in the conditions of thermochemical pressing allows to obtain an 
intermetallic alloy with an average grain size of ~ 30 microns. 
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Abstract 

The purpose of this work is to examine the structure of the transition zone of multilayer composites of dissimilar 

metallic materials obtained by the pulse method of metal processing and to establish the mechanism for the 

material bonding. In this work, a composite material obtained by explosion welding was used as an initial 

sample. The initial blanks for obtaining a layered composite material were a 1.5 mm thick plate made of steel 

10 1 mm thick brass L60 and 5 mm thick copper M1, as well as a 7 mm thick plate made of steel 10 and 

1.5 mm thick lead bronze (Pb - 22 %, Sn - 1 %). In the first sample, brass and copper plates were welded onto 

a horizontal steel plate, and in the second sample, a bronze plate was welded onto a steel plate as a result of 

an impact caused by an explosion. Copper and steel do not have significant mutual solubility, but despite this, 

they have been successfully subjected to explosion welding. The examination of the weld zone using X-ray 

micro-spectral analysis showed that, along the waves, there are areas containing both welded materials, as 

well as areas of a sharp concentration transition. Analysis formed phases in the system showed that a ternary 

compound Cu + αFe + β' is formed in the steel-brass transition zone. Zn largely penetrates into copper, that is 

the diffusional penetration of brass into copper occurs, as well as active mass transfer of zinc, with a constant 

decrease in zinc concentration from the upper to the lower boundary. 

Keywords: Pulse metal forming, composite material, copper, steel, zinc, transition zone 

1. INTRODUCTION 

At present, the study of the issues of improving the technologies for obtaining composite materials is of great 

interest in the development of modern mechanical engineering through solving the main problems of materials 

science. Traditional materials are unable to solve the tasks assigned to them, namely, to provide a high level 

of physical and mechanical and operational properties. The investigation of the properties of composite 

materials and physicochemical processes occurring in the contact zone of blanks during the pulse method of 

metal processing makes it possible to obtain materials with unique properties, which opens up many new 

possibilities for solving problems in mechanical engineering [1]. 

Composite materials made of dissimilar metals are of particular interest, because they complement each other 

and combine various properties, which determines a wide field of their possible applications. Thus, composite 

materials based on copper and steel integrate structural strength with a high melting point and thermal 

conductivity. As a result, we get a promising material that will help open up new opportunities, for example, in 

the manufacture of parts for units of electrothermal and heat exchange equipment. 

Explosion welding is one of the types of impulse methods of metal processing, has a high-intensity short-term 

exposure and allows to obtain multilayer composite materials with improved properties, including high strength, 

corrosion-resistant and heat-resistant characteristics. The structure of the transition zone determines the bond 

strength of composite materials; therefore, it is this particular structure that is usually the object of research. 

Today, there are many opinions regarding the nature of the strength of the bond in explosion welding. 
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Researchers working in this field did not find a common ground on this issue: hypotheses are being discussed 

such as local melting of materials in the transition zone with their subsequent mixing; severe plastic 

deformation of the boundary layers; the formation of new phases, etc. Apparently, the lack of consensus on 

structural changes in the transition zone is associated with the physical and mechanical properties of the 

materials being joined, their dimensions (thickness) and processing parameters [2-4]. 

The aim of the study was to examine the structure of the transition zone of multilayer composites of dissimilar 

metallic materials obtained by the pulse method of metal processing and to establish the mechanism for the 

material bonding. 

2. RESEARCH METHODOLOGY 

In this work, a composite material obtained by explosion welding was used as an initial sample. The initial 

blanks for obtaining a layered composite material were a 1.5 mm thick plate made of steel 10 1 mm thick brass 

L60 and 5 mm thick copper M1, as well as a 7 mm thick plate made of steel 10 and 1.5 mm thick lead bronze 

(Pb - 22 %, Sn - 1 %). In the first sample, brass and copper plates were welded onto a horizontal steel plate, 

and in the second sample, a bronze plate was welded onto a steel plate as a result of an impact caused by an 

explosion. 

For metallographic studies, special samples were cut out. The study of the contact zones of the explosion-

welded sample materials was carried out using a NEOPHOT 2 optical microscope. The samples were 

examined using a SUPRA 40WDS INKA-350 X-ray microanalyzer at different points and by spectra on 

transverse metallographic sections. Figure 1 shows the structures of the transition zone of steel-bronze 

composite materials obtained by explosion welding. 

 
 

Figure 1 Microstructure of the transition zone of the composite material of the steel-bronze joint, ×200 

3. RESULTS OF THE STUDY  

In steel, the usual ferrite-pearlite structure is observed, and a clear boundary between the materials is also 

visible without significant mutual dissolution. This nature of the interlayer boundaries of the connection of layers 

of dissimilar metals is associated with different densities of the materials being welded [5]. In the contact zone 

of steel and brass, traces of plastic deformation are noticeable, due to which the ferrite-pearlite structure is 

more distorted. In the structure of steel 10, traces of the deformation flow of the metal after explosion welding 

are visible. One can also notice that pearlite grains in the welding contact zone take an elongated shape 

(Figure 1, b). 
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The process of weld formation occurs without significant heating (~ 400 °C) [48]. That is, the metal does not 

melt, since the melting temperature of copper (1085 °C), steel (1300-1500 °C), bronze (930-1140 °C) and 

brass (880-550 °C) is much higher than this value. In the study [6], the formation of a joint during explosion 

welding is interpreted by the term “cold melting”. This state can be achieved at sufficiently low temperatures, 

in contrast to melting. Cold melting is achieved by high pressure values during explosion, as a result of which 

the number of nonequilibrium vacancies increases and saturates the deformed body in almost the same way 

as during melting. Also, in the works [7,8], the absence of molten zones is explained by the fact that copper 

has a high thermal conductivity, that is, it absorbs the heat released during explosion welding, thereby 

preventing the metal from melting. 

Figure 2 shows the structure of the transition zone of the brass-copper composite material. In this area of 

interaction, the so-called "waves" are observed in the contact zone of the welded materials, which have a 

brighter character of interaction. This effect can be attributed to the relatively higher ductility of copper and 

brass compared to steel. The boundary of the concentrated transition is less smoothed, since copper and 

brass have mutual solubility, because they are related metals. 

 

Figure 2 Microstructure of the transition zone of the joint of the brass and copper composite material, ×200 

In brass, banded structures elongated in the direction of deformation are observed. Having studied the state 

diagram of Cu-Zn, it was found that the phase component has a structure based on a ternary compound, 

namely, a β-solid solution based on a CuZn compound with an electronic type of bond (number of electrons = 

3/2) has a simple cubic volume-centered lattice. At a temperature of 454-468 °C, the ordered arrangement of 

atoms is preserved, and at higher temperatures, the zinc and copper atoms will be located statistically in a 

volume-centered lattice. The ordered β-solid solution is denoted as β'. Obviously, during the process of plastic 

deformation, an anomalously fast mass transfer of copper occurs in the direction from the brass to the copper 

part of the composite, which can explain the occurrence of this phase. The nature of the microstructure in the 

brass zone directly adjacent to the copper zone indicates the wave nature of mass transfer, which was 

expressed in the formation of successive transverse banded structures regularly located along the transition 

zone [9,10]. 

Thus, the separation of particles of interacting materials and their mutual transfer over considerable distances 

can be explained using the theory of plastic deformation, which describes the processes as the interaction of 

mesovolumes (groups of grains, surfaces) under conditions of short-term and intense loading. In Figure 3, we 

see a wave-like structure of contact of steel-brass-copper materials obtained by explosion welding. 
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Figure 3 Examination of transition zones of the composite material of steel-brass-copper by the spectral 

point method 

Copper and steel do not have significant mutual solubility, but despite this, they have been successfully 

subjected to explosion welding. The examination of the weld zone using X-ray micro-spectral analysis showed 

that, along the waves, there are areas containing both welded materials, as well as areas of a sharp 

concentration transition (Figure 4). 

  

  

Figure 4 Distribution of elements in the transition zone of steel-brass composite material 
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As a result of quantitative analysis, it was found that the chemical composition in mass ratios is: (spectrum 1) 

0.08%Fe, 99.60%Cu, 0.31%Zn; (spectrum 2) 63.46%Cu, 36.54%Zn; (spectrum 3) 62.43%Cu, 37.57%Zn; 

(spectrum 4) 98.61%Fe, 0.53%Cu, 0.41%Zn, 0.46Mn; (spectrum 5) 99.52%Fe, 0.09%Cu, 0.39%Mn. 

Analysis of the three-component phase diagram of Fe-Cu-Zn with the formed phases in the system showed 

that a ternary compound Cu + αFe + β' is formed in the steel-brass transition zone (Figure 5). In the study 

[11], the author explains this by the fact that in the process of explosion welding there is a convergence of 

particles at distances close to interatomic, as well as mutual mixing of moving surface layers of metals. 

 

Figure 5 The diagram of the Fe-Сu-Zn: 1 - (αFe)+γ+Г; 2 - FeZn10+Г+Г1; 3 - FeZn10+γ+Г; 4 - FeZn10+γ+ε;  

5 - L+FeZn10+ε; 6 - L+FeZn10+ζ 

For the accuracy of the obtained results, the X-ray spectral microanalysis was performed along the line. On 

the left side of the scanning trajectory, zinc peaks are highlighted, which is confirmed by the crystallization of 

the transition zone. In this area of the image (Figure 6), you can see the distribution of copper and zinc over 

the cross section of the sample.  

        

 
Figure 6 Distribution of elements in the transition zone for a copper-brass composite material 
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On the right, there is pure brass, where the concentration of copper and zinc is high. Closer to the contact 

zone of copper, zinc and iron formed by explosion welding, the copper content drops sharply, but then we see 

a jump in this indicator, which means that brass has penetrated into steel through active mass transfer.  

Zn largely penetrates into copper, that is the diffusional penetration of brass into copper occurs, as well as 

active mass transfer of zinc, with a constant decrease in zinc concentration from the upper to the lower 

boundary. As a result of quantitative analysis, it was found that the quantitative composition in weight ratios is: 

(spectrum 1) 24.48%Fe, 47.20%Cu, 28.83%Zn; (spectrum 2) 17.84%Fe, 51.85%Cu, 30.30%Zn; (spectrum 3) 

57.35%Fe, 26.74%Cu, 15.58%Zn. 

4. CONCLUSION 

Copper and steel do not have significant mutual solubility, but despite this, they have been successfully 

subjected to explosion welding. The examination of the weld zone using X-ray micro-spectral analysis showed 

that, along the waves, there are areas containing both welded materials, as well as areas of a sharp 

concentration transition. Analysis formed phases in the system showed that a ternary compound Cu + αFe + 

β' is formed in the steel-brass transition zone. Zn largely penetrates into copper, that is the diffusional 

penetration of brass into copper occurs, as well as active mass transfer of zinc, with a constant decrease in 

zinc concentration from the upper to the lower boundary. 
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Abstract  

The study is aimed to identify the causes of piston incompatibilities in the friction welding area, as well as to 

reduce or eliminate the occurrence of non-compliance using quality management tools (Pareto-Lorenz 

diagram, 5W2H and 5Why method). Diagnostic tests were carried out with visual tests and quality control 

results were analyzed. The subject of the research was a steel piston for diesel trucks. The studies identified 

the most serious non-compliance - burnout of the combustion chamber and clarified its cause - the incorrect 

execution of the upper fork in the area of the combustion chamber due to the lack of supervision of workers. 

So far, the company has not analyzed quality problems using a sequential quality management methodology, 

so that the corrective actions implemented have not fully achieved the quality objectives. The sequential 

method used in the development, including diagnostic and control tests and quality management tools, is a 

universal way to monitor the quality level of products and quickly correct non-conformities. There are no 

implications for this methodology. It can be implemented in companies producing products that ensure an 

adequate level of quality.  

Keywords: Mechanical engineering, quality engineering, friction welding, quality management methods 

1. INTRODUCTION  

Technological developments and changes in the industrial economy require products of high quality and with 

increasingly better properties. These trends also apply to internal combustion engines which generate energy 

for the propulsion of motor vehicles [1,2]. Among all the components of the internal combustion engine, the 

part that is most vulnerable to thermal damage is the piston. Since this element is a mobile part of the 

combustion chamber, it must be resistant to high temperatures and pressures and free from any kind of non-

compliance [3,4]. An important role in the manufacture of such products is played by the technology of their. 

An example of a method of joining steel components, which has become increasingly popular and important 

in recent years, is the friction welding method. This technology is one of the few methods of using frictional 

heat in the technique [5-7]. The joining of metal elements and their alloys takes place in a constant state, which 

makes it possible to make a constant combination of materials that until now were considered difficult to weld 

or even untouchable. As a result of the pressure acting in the contact area of the combined products during 

their relative movement, friction occurs, as a result of which the mechanical energy of friction changes to 

thermal energy. For traditional metal joining techniques, the friction welding method is versatile, energy-

efficient and environmentally friendly [8-10]. The attractiveness of this method is due to the following technical 

and economic benefits, such as the considerable stability of the welding process affecting its repeatability, high 

process efficiency, the possibility of process automation and the combination of materials with different 

properties, as well as better health and safety conditions than those of traditional bonding methods [11-14]. 

However, the frictional heating connection has limitations related to the difficulty of combining elements with 

complicated shapes or defects related to the deformation of the contact line [15]. Due to the high strength of 

friction-welded joints, this method can compete with traditional joining methods. Using this method instead of 

riveting or welding is important due to the reduction of production costs and product weight. For these reasons, 
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friction welding is included in the key technologies used in automotive [16-18]. In order to improve products 

and ensure their high quality, comprehensive methods for detecting non-conformities are constantly sought, 

but also seek to prevent them by detecting their sources or even by looking for the causes that cause problems 

within them [19,20]. The methods of quality management that enable the activities indicated to be carried out 

are those which skillfully apply to increase the level of quality of the products offered [21]. Qualitative analyses 

supported by the use of individual quality management tools [22-25], or the use of these tools to optimize 

production processes [26, 27] are often presented in quality management literature papers. It is, therefore, 

appropriate to develop a sequential method for analyzing and improving friction-welded connections. 

2. ANALYSIS 

2.1. Purpose, subject and scope of research 

The purpose of the tests was to examine the connection status of the upper and lower parts of the steel piston 

after the friction welding process. The diagnosis was made using a method of visual examination. The semi-

finished products of the friction welding process were die-forged steel forgings. An additional objective is also 

to reduce the number of non-compliant products or to eliminate them completely by using quality management 

tools (Pareto-Lorenza diagram, 5W2H and 5Why method) to determine the sources of non-compliance in the 

area of connection of forgings after the friction welding process. Due to the increase in identified non-compliant 

products during interoperable inspections (2 % for the previous quarter) and the number of complaints, the 

subject of the tests was a steel piston for Diesel Man trucks (Figure 1). The study concerned a batch of 

products made in the 4th quarter of 2019 in one of the automotive companies involved in the production of 

steel and aluminum pistons for trucks and passenger vehicles. The company is located in the southern part of 

Polish.  

 

Figure 1 Test subject - piston after friction welding process 

The scope of visual testing mainly covered the surfaces of the connection of forgings after the friction welding 

process.  

2.2. Characteristics of the alloy  

38MnVS6 steel (38MnSiVS5) is high strength steel based on Mn-V. It is high-quality low alloy steel with good 

machinability for controlled cooling from working heat (BY treatment, condition + P according to DIN EN 10267) 

[28]. 38MnVS6 steel is found in a group of dispersion hardened ferritic-pearlitic steels following DINEN 10267 

[29]. The chemical composition of the alloy and its mechanical properties are shown in Table 1. The alloy is 

applicable to automotive parts such as gear shafts, pushers, rotary bearings, axle pivots, hubs and piston 

heads [2,30]. 
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Table 1 Chemical composition and mechanical properties of 38MnVS6 steel [18]  

Chemical composition 

Pierwiastek C Si Mn P S Cr Mo V N 
Min, [%] 0.34 0.15 1.20 

<0.025 
0.020 

<0.30 <0.08 
0.08 0.01 

Max, [%] 0.41 0.80 1.60 0.060 0.20 0.02 

Mechanical properties 

0.2 % proof stress  
Rp0.2 [N/mm2] 

Tensile strength  
Rm [N/mm2] 

Fracture elongation  
A5 [%] 

Reduction of area  
Z [%] 

Min 520 800-950 Min 15 Min 25 

2.3. The course of research 

To date, the company has not carried out in-depth analyses of the causes of non-compliance in the area of 

forging connection after the friction welding process, but due to an increase in complaints about steel pistons 

and negative quality control results, it was decided to take pro-quality measures. To this end, a team of experts 

was set up, including a quality manager, a technologist, a builder and a complaint specialist. In order to carry 

out qualitative analysis of products, visual control with quality management tools is set up integrally. The next 

steps in the proceedings of the appointed team of experts included: visual examination, analysis of the results 

of the checks for the preparation of the Pareto-Lorenz diagram, the 5W2H method for characterizing in a short 

and legible manner the most important information about the most important non-compliance and the 5Why 

method? identified and characterized non-compliance in order to indicate its source of. 

3. RESULTS OF ANALYSIS  

The instrument proposed by the working party to carry out the non-compliance analysis in the area of forging 

connection after the friction welding process was the Pareto-Lorenz diagram. The actions taken aimed to 

identify the most significant non-compliances in terms of frequency and effects (Figure 2). The types of non-

compliance are indicated in turn: N1 - blows combustion chamber, N2 - no connection continuity, N3 - 

inadequate piston geometry after the friction welding process, N4 - no piston symmetry after the friction welding 

process, N5 - determination of the welding line of the recooling, N6 - excessive roughness of the weld surface, 

N7 - fluctuations in the width of the weld surface, N8 - not even connection of the upper and lower recoating, 
N9 - damage to the surface of the piston jacket, N10 - scratches of the lower recoat, N11 - deformation of the 

re-weld after welding, N12 - damage to the lower reticulate. According to the Pareto-Lorenza diagram, 82 % 

of the incompatibilities identified during the visual inspection correspond to three types of non-compliance: 

burnt combustion chamber, lack of connection continuity, inadequate piston geometry after friction welding 

process. The most serious non-compliance, however, is the burnout of the combustion chamber - this non-

compliance accounts for almost 50 % of all the defects specified in the analysis. In the subsequent stages of 

the improvement measures, the occurrence of the most serious non-compliance with the. An example of the 

visual test results obtained for the most serious and common incompatibility of the frictional connection area 

is given in Figure 3. Identified fork connection misconnection disqualifies piston. In the next step, a working 

team set up a Gemba walk and then conducted a 5W2H analysis to accurately characterize the problem 

(Table 2). As part of further analysis of the qualitative problem, the 5WHY method was developed (Figure 4). 

Based on the analysis carried out (Figure 4) it was concluded that the source of the problem of scorching the 

combustion chamber in steel pistons was the lack of proper supervision and qualification of the evaporator - 

errors during operation and inaccuracy of the worker (human area/ management) which contributed to the 

implementation of the wrong upper forging in the area of the combustion chamber - incorrect depth of the 

combustion chamber (material area, method). 
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Figure 2 Diagram Pareto - Lorenz for non-conformities arising from the friction welding process  

 
Figure 3 Results of visual tests from the frictional connection area - burnout of the combustion chamber 

 

Figure 4 5Why method for the problem of burning the combustion chamber in the friction welding process 

Table 2 5W2H method for combustion chamber burnout problem 

Question Answer 

Who? Who has detected the problem? Employee who performed visual inspection 

What? What is the problem? Blow steel piston combustion chamber 

Why? Why is this a problem? 
Non-compliance with customer standards and requirements - 
disqualification of the product 

Where? 
Where was the problem 
detected? 

In the area of the piston combustion chamber - friction heating 
area of forgings 

When? When was the problem detected? 
During visual inspection carried out immediately after the 
technological operation - friction welding 

How? How was the problem detected? 
Non-compliance was detected during visual inspection with an 
unarmed eye with normal visual acuity 

How much? How big is the problem? 2 % of products manufactured in the fourth quarter of 2019. 
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4. CONCLUSION  

The proposal in the study for a detailed analysis of non-compliance concerning the identification of the most 

serious non-compliance and the examination of the causes of defects in steel pistons, combined with the 

configured integration of quality management tools, contributed to their elimination and subsequent 

implementation of effective measures to prevent non-compliance. The purpose of the tests was to identify non-

compliant devices and to check the suitability of the control and diagnostic test in the production area. Through 

a (visual) check, inconsistencies were detected in the frictional heating area, while the Pareto-Lorenz diagram 

predicted the most significant burnout of the combustion chamber in terms of quantity and effects of wade. 

The presence of such non-compliance disqualifies the product. To define the problem, a Gemba walk and a 

5W2H analysis were performed. To identify the causes of non-compliance, was the 5Why analysis performed 

according to which it was found that the root cause of the problem was the lack of proper supervision and 

qualification of the evaporator, which contributed to the wrong execution of the upper forging - the wrong depth 

of the combustion chamber. The proposed analysis of non-compliance may form part of methods supporting 

quality management processes [31]. Further studies will be related to the implications of the proposed 

sequence of non-compliance analysis, which is an effective way of solving the quality problems of the products, 

within the production of the remaining products offered by the company. The obtained results may also be 

interesting for the development of welding methods [32,33].   
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Abstract  

The paper deals with the effect of different loading cycle asymmetry and long-term thermal exposure on fatigue 

crack growth rate in P91 and P92 steels used primarily for components in USC powerplants. Testing was 

performed using C(T) specimens. Fatigue crack growth was measured in II. stage of crack growth described 

by Paris law from both sides using optical microscope. Loading cycle asymmetry effect was assessed for each 

steel grade before the thermal exposure and then compared with state after the long-term thermal exposure. 

Keywords: Fatigue crack growth rate, loading cycle asymmetry, long-term thermal exposure, P91 and P92 

steels 

1. INTRODUCTION 

Martensitic P91 and P92 steels with <12 wt. % of Cr are creep-resistant materials used mainly for construction 

of boilers and piping used in USC powerplants. To ensure safe operation of these components, it is necessary 

to meet wide range of requirements given by standard [1]. This includes chemical analysis, mechanical 

properties determined by tensile test, Charpy impact test, metallography analysis of the microstructure. 

Besides these basic test methods, it is useful to acknowledge and evaluate fatigue and fracture behavior 

caused by dynamic loading from steam coming through pipes at high pressure and temperature. Main goal of 

this paper is to evaluate and compare an effect of different loading cycle asymmetry (R = 0.1, R = 0.6) and 

long-term thermal exposure at 5000 h and 600 °C for P91 and 650 °C for P92 on fatigue crack growth rate of 

observed steels.  

2. APPARATUS AND TEST METHOD  

Two steam pipelines made of P91 (wall thickness 35 mm) and P92 steels (wall thickness 90 mm) have been 

used for investigation. The comprehensive analysis including assessment of mechanical properties, yield 

strength at elevated temperatures, fracture properties and fracture toughness, microstructure and creep 

properties was done [2,3].  

Chemical composition of the steels under investigation is given in the Table 1. Typical chemical composition 

based on Cr-Mo-V alloying elements combination in the case of P91 steel and similar composition with 

substitution of part of Mo by W for P92 steel is presented. Small addition of boron for P92 can be seen from 

Table 1. 

Experimental programme was realized on servomechanical testing machine MTS 100 kN. For crack growth 

rate measurement, optical crack measurement was used. Two different loading cycle asymmetries were 

studied to evaluate effect of loading on crack growth rate. All tests were performed at room temperature with 

frequency 15 Hz. Pre-cracking the specimens and subsequent fatigue crack growth rate measurement was 
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performed at load ratio R = 0.1 and R = 0.6 according to ISO 12108 [3]. Stress amplitude was chosen so that 

it would cover the interval of stress intensity factor range approximately K = 10 - 30 MPa.m1/2. 

Table 1 Chemical composition of the steels under investigation (wt. %) 

 C Mn Si P S Cr V Mo Ni Cu Ti 

P91 0.10 0.42 0.29 0.012 0.004 8.29 0.19 0.93 0.18 0.13 ˂0.005 

P92 0.10 0.41 0.20 0.013 0.004 8.74 0.18 0.48 0.21 0.12 ˂0.005 

 
Nb W Co As Sb Sn N Alsol. Albond Altotal. B 

P91 0.079 0.009 0.010 0.013 0.001 0.007 0.052 ˂0.001 0.002 0.002 - 

P92 0.050 1.66 0.010 0.020 0.002 0.005 0.052 ˂0.001 0.001 0.001 0.002 

 

  

Figure 1 Comparison of microstructures of the steels under investigation, P91 left, P92 right 

Table 2 Actual mechanical properties of the steels under investigation 

pipeline steel  

0.2 % offset yield 
strength 

Rp0.2 

(MPa) 

Tensile strength 

Rm 

(MPa) 

Elongation 

A 

(%) 

Reduction of 
area 

Z 

(%) 

P91 594 726 23.3 74.7 

P92 486 647 26.2 72.4 

Effect of long-term thermal exposure at operating temperature at 5000 hours and 600 °C for P91 steel and 

5000 hours and 650 °C for P92 steel on fatigue crack growth rate has been studied too.  

Microstructures of both steels are shown in the Figure 1 and mechanical properties are summarized in the 

Table 2. Metallographic analysis was performed on a sample parallel to the sampling plane at the pipe surface 

and was focused on analysis of microstructure and possible microstructural changes in the case of long-term 

thermal exposed specimens. 
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Actual mechanical properties evaluated on outer surface of both pipelines are shown in the Table 2. Due to 

actual state of the microstructure (tempered martensitic structure) is possible to achieve relative high ratio of 

yield stress to tensile strength especially in the case of P91 where this ratio is nearly 0.82 and good plastic 

properties (elongation and reduction of area). 

3. TEST RESULTS AND DISCUSSION  

As a tested materials, P91 and P92 martensitic steel alloys were used. All tests were performed using CT 

specimen with B = 6 mm and W = 25 mm Every measurement was done with constant frequency of 15 Hz. 

Two different loading cycle asymmetries were used (R = 0.1, R = 0.6). Crack length was measured via optical 

microscope from both sides. Pre-cracking the specimens and subsequently fatigue crack growth rate 

measurement was performed at load ratio R = 0.1 according to ISO 12108 [4]. Stress amplitude was chosen 

so that it would cover the interval of stress intensity factor range approximately K = 10 - 30 MPa.m1/2. Same 

loading cycle asymmetries were applied on specimens exposed to 5000 h and 600 °C for P91 and 5000 h and 

650 °C for P92 of long-term thermal exposure. 

The relationship between fatigue crack growth rate and stress intensity factor was introduced by Paris [5]. 

Paris law is visualized on log-log plot and expressed by equation (1). 

mKC
dN

da
 .  (1)  

where: 

          a - crack length (mm) 

          N - number of cycles (1) 

         C, m - constants depended on material, environment and stress ratio (1) 

K - stress intensity factor range (MPa.m1/2) 

As it can be observed from Figures 1 and 2, the experiments confirmed that higher value of asymmetry 

parameter R, which is defined as R = σmin/σmax, causes faster crack growth in P91 steel before (Figure 2) and 

after the exposition (Figure 3). As the value of ΔK raises due to crack growth, the difference between crack 

growth rate for R = 0.6 and R = 0.1 starts to diminish and at around ΔK the difference is very minor. 

Figures 2 and 3 show crack growth rate in P91 and P92 before and after long-term thermal exposure  

(5000 h, 600 °C for P91 and 5000 h, 650 °C for P92). In both figures it can be observed that the differences in 

crack growth rate are very minor - almost none for both steels. P91 and P92 are both creep-resistant steels 

that are designed to withstand loading under elevated temperatures for at least 100 000 hours, if not more. 

This means that the thermal exposition would have to be much longer in order to cause major differences in 

microstructure and fatigue crack growth rate of abovementioned steels. 

There are very few data in the literature on the kinetics of crack growth of the investigated steels, most of the 

work focuses on the evaluation of creep crack growth rate evaluation under operating conditions. A detailed 

literature search of this issue is given in [6]. As the operating condition is not only creep conditions and fatigue 

loading also occurs material behavior under Paris law should be taking into account in design procedure of 

similar components. Effect of temperature on fatigue crack growth in P92 at R = 0.1 has been studied in [7] 

whereas effect of long term aging (20 000 hours at 550 °C) on crack growth in P91 at different temperature 

has been investigated in [8].  
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Figure 2 Influence of loading cycle asymmetry on crack growth rate in P91 before exposition 

 

Figure 3 Influence of loading cycle asymmetry on crack growth rate in P91 after exposition 

 

Figure 4 Crack growth rate in P91 before and after exposition (both for R = 0.1) 
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Figure 5 Crack growth rate in P92 before and after exposition (both for R = 0.6) 

4. CONCLUSIONS  

In terms of presented experimental work, two pipeline steels P91 and P92 were analysed. The comprehensive 

assessment included the analysis of mechanical properties, microstructure examination, evaluation of fracture 

behaviour. 

In this work attention was paid mainly to measuring of crack growth rate at various conditions and 

thermomechanical state [5] including both virgin state and long-term thermal exposed state for 5 000 hours at 

working temperatures. Only small changes have been observed in crack growth rate properties at defined 

cycle asymmetry R = 0.1 and R = 0.6 for P92 steel, where this effect is negligible. On the other hand, for P91 

steel effect of cycle asymmetry is more significant and is equal about 30 % at ΔK = 20 MPa.m1/2. Obtained 

results are in very good agreement with similar experimental work [7,8], at higher asymmetry crack grows a 

little bit faster especially in the case of P91 steel. This effect is determined by higher value of constant C in 

Paris law equation. Same crack growth rate was measured compared to work [7], where also temperature 

effect om P92 crack growth rate was evaluated. Effect of long-term thermal exposure at working temperatures 

is shown in the Figures 4 and 5. Both figures clearly show that long-term thermal exposure did not affect crack 

growth rate for both of steels. Those results are in very good agreement with the fact that no microstructural 

changes due to this long-term thermal exposure have been found in work [9]. The both steels P91 and P92 

are creep-resistant steels that are designed to withstand loading under elevated temperatures for at least 100 

000 hours. This means that the thermal exposition would have to be much longer in order to cause significant 

differences in microstructure and fatigue crack growth rate behavior of abovementioned steels. Similar results 

were obtained for both steel and for both cycle asymmetry and shows good microstructural stability at given 

condition if the exposure. On the contrary the crack growth rate for aged material (20 000 hours at 550 °C) 

was found to be higher than that on unaged in work [8] due to precipitation of Laces phase. Presence of this 
Laves phase in both steel investigated in this work was not confirmed after 5 000 hours in study [9] on the 

other hand specimens with 15 000 hours exposure will be able for experimental work in the next year. 

Further work focused on evaluation of fracture toughness, actual creep properties and small punch tests as 

well as long-term thermal exposure up to 15 000 hours is continuing within the frame of project. 
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Abstract  

The electromagnetic properties of strips made of grain-oriented electrical steels (GOES) are strongly affected 
by the sharpness of the Goss texture. The Goss texture is defined by {110} 001, where the planes {110} are 
parallel to the surface of the strip and the directions 001 are parallel to the rolling direction. The formation of 
this texture is the result of a complex technological process, which consists of hot rolling, two-stage cold rolling, 
decarburization annealing and final high-temperature annealing. To date, however, the phenomenon of 
preferential growth of grains with a Goss orientation during secondary recrystallization has not been fully 
elucidated. 

This work aimed to create a correlation method that will allow obtaining more data on the structure and 
microtexture in GOES strips. Thus, a combination of macrostructure images and electron backscattered 
diffraction (EBSD) analysis was studied. Cross-sections through macro samples were used for EBSD analysis. 
They were cut in defined areas of macro samples so that it was possible to assign EBSD results to 
macrostructure images and obtain simultaneous information about size and orientation of grains. The main 
advantage of the methodology is that using EBSD data on grain orientation, which are obtained by analysis of 
defined cross-sections taken from macro samples, it is possible to define very effectively the orientation of 
individual grains for a relatively large area of GOES strips. 

Keywords: GOES, Goss texture, EBSD, correlation microscopy, macrostructure, microtexture 

1. INTRODUCTION 

Grain-oriented electrical steel (GOES) is a soft magnetic material. GOES is widely used as a core material in 
transformers and has excellent magnetic properties. This material contains about 3 wt% Si, which ensures a 
reduction of the eddy current loss [1]. GOES is characterized by a strongly preferred texture of {110} 001. 
The direction 001 is the easiest magnetization direction for iron [2]. The Goss texture in these steels is the 
result of a complex technological process that consists of hot rolling, first cold-rolling, decarburization 
annealing, second cold-rolling and high-temperature annealing [3]. It is believed that the formation of grains 
with the Goss texture in final strips has its origins already in hot rolling, where grains with this orientation are 
formed in subsurface layers due to shear deformation. These grains may have acted as nuclei for secondary 
recrystallization, this phenomenon is known as the inheritance mechanism [4]. Another uniqueness is the fact 
that GOES requires the use of secondary recrystallization as the only commercially used material for abnormal 
grain growth. As primary recrystallization, secondary recrystallization involves a nucleation process followed 
by grain growth. The driving force for this process is the reduction of grain boundary energy [5]. 

This work is focused on the use of correlation microscopy, which combines macrostructure images and 
EBSD analysis for a deeper understanding of relationships between size and orientation of ferritic grains. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

374 

2. EXPERIMENTAL PROCEDURE 

Experimental material was processed by an AlN + Cu industrial production technology. Strips investigated 
were manufactured from two slabs, one of them was cast in the middle and the other one at the end of the 
casting sequence. Samples for structure characterization were cut in the middle width of strips. Two samples 
were taken from each original slab. The size of samples A1-A4 for structure characterization was 75 x 120 
mm. The chemical composition of the samples investigated is given in Table 1. 

Table 1 Chemical composition of the samples [w. %] 

Sample C Mn Si P S Cu Altotal N2  Ti 

A1, A2 0.0070 0.26 3.27 0.014 0.006 0.49 0.017 0.0138 0.004 

A3, A4  0.0055 0.26 3.26 0.014 0.006 0.49 0.017 0.0142 0.004 

The experiment was based on the paper [6], where correlation microscopy was used to describe the 
relationship between deviations of grains from the Goss orientation and the grain size in GOES strips. The 
experimental methodology, therefore, consisted of revealing the macrostructure by etching and defining the 
areas of interest (ROI) with dimensions of approximately 25 x 55 mm. Cross-sections in defined positions of 
ROIs were cut, which were then used for EBSD analysis. Due to the abnormal grain size in GOES, samples 
for EBSD analysis were prepared by a sandwich method, in which cross-sections of strips were folded and 
embedded in resin. Figure 1 shows a flow chart of the experiment. This method makes it possible to capture 
a larger number of grains in EBSD analysis and at the same time makes it possible to better understand 
relationships between deviations from the Goss orientation and the size of ferritic grains. 

 

Figure 1 Scheme of experimental correlation method 

Macro samples were etched in a solution of (NH4)2S2O8 [7]. The macrostructure images were binarized using 
Matlab software. EBSD samples were prepared by mechanical grinding and polishing. The final step of 
preparation was polishing on colloidal silica. Microtexture analysis was performed using the EBSD method in 
a FEI QUANTA FEG 450 scanning electron microscope equipped with a Hikari camera. OIM AnalysisTM 
software was used to process the EBSD data.  

3. RESULTS AND DISCUSSION 

Figures 2a and 2b document the IPF maps for the technological directions ND (normal direction) and RD 
(rolling direction) of the sample A3, respectively. Figures 2c and 2d show the compound maps created by 
merging macrostructure images and IPF maps. The colourless grains are those that were not captured in the 
EBSD cross-sections. The IPF map for ND contained grains whose normals to the surface were close to poles 
110. When comparing Figures 2a and 2c, the grains whose orientation differed and approached poles 111 
or 012 were generally fine. As evident from Figure 2b, where the IPF map for RD is documented, most of 
the grains have reached an orientation approaching 001. Colourless grains in the map were not included in 
the EBSD cross-sections.  
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The other studied samples also contained mainly grains whose normals to the surface approached poles 
110 and in the rolling direction they were close to poles of 001. At the same time, they contained a number 
of grains whose normals approached poles 111, 012 and 133. In the rolling direction orientations close to 
001 prevailed. However, there also were grains with orientation close to 012, 111 and 011. 

Figures 3a-3c show deviations of the individual ferritic grains from the ideal Goss orientation in the sample 
A3. Compared to other samples investigated, it achieved lower grain deviations from the ideal Goss texture. 
Although there is also a misorientation value above 30°, it is only associated with one grain, as can be seen 
from the compound map in Figure 3b. The histogram in Figure 3c shows that the number fraction of grains 
with such a deviation is negligible. Most grains in the sample A3 reached deviations of up to 10°. The highest 
column in the histogram corresponds to a deviation of 8° and represents 25 % fraction of grains from the total 
number of analysed grains. The number fraction of grains with misorientation above 20° is low. It is clear from 
the compound map that the grain with misorientation above 30° (green one) was fine. However, grains with a 
deviation above 20° (yellow ones) were comparable in size to many grains with a deviation from the ideal 
orientation {110} 001 less than 20° (blue and red ones). 

 

Figure 1 Results of experimental activities on the sample A4 a) IPF map for ND; b) IPF map for RD; c) a 
compound map created by merging of the macro image and IPF map for ND, d) a compound map created by 

merging of the macrostructure image and IPF map for RD; e) legend for colour coding of IPF maps 

Figures 4a-4d show deviations of grains from the Goss texture in samples evaluated. These histograms show 
a number fraction as a function of grain misorientation. Colour coding corresponds to grain misorientations in 
an interval of ten degrees, e.g. blue colour characterizes misorientation in the range 0 - 10°, etc. The results 
of the microtexture analysis showed that all samples contained grains whose misorientation exceeded 10°. A 
more thorough study of the macrostructure of strips did not reveal a relationship between size and orientation 

e) 
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of grains. Grains of various sizes reached high values of deviations, especially in the case of samples A1 and 
A2, in which deviations of some grains reached values of up to 50°. 

 

Figure 2 a) Visualization of misorientation of individual grains in the sample A3 from the ideal Goss texture; 
b) a compound map created by merging of the macrostructure image with the visualization of the grain 
misorientation from the Goss texture; c) histogram of grain deviations from the ideal Goss texture and 

corresponding colour coding 

 

Figure 3 Histograms of grain deviations from the ideal Goss orientation and corresponding colour coding for 
samples A1-A4 

c) 

A1 

A4 A3 

A2 
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Table 2 summarizes the misorientation of ferritic grains from the ideal Goss orientation in samples evaluated. 
The common value of grain misorientation from the ideal Goss texture in a standard quality GOES is up to 11° 
[8]. The average misorientation of grains in samples A1 and A2 exceeds this limit. Some grains reached a 
misorientation of over 50°. Furthermore, no direct relationship was found between the size and misorientation 
of ferritic grains. 

According to [9] the sharpness of the Goss texture depends on factors such as the primary texture, the free 
surface energy of grains, particles of secondary phases and more. Therefore, the cause of high deviations 
from the Goss texture cannot be unambiguously determined. Secondary recrystallization is a very important 
process that affects the final sharpness of the Goss texture. Homma et al. [10] state that the secondary growth 
of grains is highly dependent on their misorientation from the Goss texture. There was a large number of grains 
in the samples investigated, the dimensions of which did not correspond to the standard dimensions, so it can 
be assumed that the process of secondary recrystallization was far from ideal. 

Table 2 Number fractions of grains depending on their misorientation 

Misorientation [°] Number fractions of grains in the sample 

A1 A2 A3 A4 

1 0.001 0.000 0.003 0.030 

6 0.097 0.049 0.241 0.146 

11 0.410 0.210 0.500 0.384 

16 0.274 0.373 0.139 0.247 

21 0.125 0.155 0.037 0.160 

26 0.081 0.117 0.052 0.032 

31 0.013 0.085 0.028 0 

36 0 0.010 0.001 0 

41 0 0 0 0 

46 0 0 0 0 

51 0 0.002 0 0 

56 0 0 0 0 

Number fraction of grains with 
misorientation up to 11° 

0.508 0.259 0.744 0.560 

Average misorientation [°] 12.852 16.928 11.134 11.412 

4. CONCLUSION 

In this paper, the methodology based on correlation microscopy was applied for investigations on the 
relationship between the deviations of grains from the exact Goss orientation and the grain size in final GOES 
strips. Studies were carried out on samples cut from strips manufactured using an AlN + Cu industrial 
processing technology. It has been demonstrated that the relationship between the deviation from the ideal 
Goss orientation and the grain size does not exist.   

The experimental results show that the methodology may be successfully used for a better understanding of 
the microtexture development in GOES strips. The main advantage of this methodology is the fact that it allows 
to obtain EBSD information from a relatively large area of macro samples and to correlate the orientation and 
size of individual grains. 
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Abstract 

The effect of surface treatments on mechanical properties and corrosion resistance of most engineering steels 
is the object of a significant number of studies. It is known that surface machining can affect the steel local 
mechanical properties and, thus lead to the premature cracking under certain conditions. During surface 
treatment, significant amount of local shear stress can be imposed into the subsurface area of material. The 
depth of this locally deformed zone, as well as its properties, can vary according to the treatment conditions. 
This study is focused on the correlation of microstructure and nanohardness in the 316L austenitic stainless 
steel with variation of surface treatment conditions.  

Keywords: Stainless steel, nanoindentation, hardness, microstructure 

1. INTRODUCTION 

316L austenitic stainless steel (SS) is widely used in a variety of applications providing high corrosion and high 
temperature properties. Due to low carbon contain (0.018 - 0.030 wt%) 316L SS has increased resistivity to 
pitting and intergranular corrosion even in concentrated acids. Thanks to favourable corrosion properties it 
finds its application in the chemical industry, medicine and generally in low chloride saturated water 
environments [1].  

Final product´s surface can be subjected to surface treatment, in order to improve mechanical properties or 
corrosion resistance of the material. The benefits of mechanical (e.g. milling) surface treatment are lower 
surface roughness, impurities removal or hardness increase. These adjustments provide better protection from 
mechanical damage and can significantly improve corrosion resistance thanks to removing defects and cracks 
from manufacturing process, e.g. in welding affected areas. Described manufacturing defects can serve as 
corrosion initiation sites in water environments causing pitting, intergranular corrosion or environmentally - 
assisted cracking [2,3]. 

Measuring mechanical properties such as hardness or Young Modulus of thin machined layers is complicated 
due to their small scale. Interaction volume of affected material limits tip loading during indentation and 
hardness measurement. Thus, the nanoindentation appears to be a reasonable method. Applied load can 
reach from tens of nN up to hundreds of mN. Unlike hardness or microhardness measuring indents 
diagonals/diameters, unloading curve analysis is executed to calculate material hardness and other 
parameters such as Young Modulus and reduced Young modulus. It requires very sensitive piezoelectric 
transducer with extended tip and elimination of disturbing vibrations [4]. 

Direct indentation to the machined layer is not an optimal solution when trying to eliminate the influence of the 
bulk material. Cross section indentation from layer to bulk material is better solution proves to be a better 
solution. Although nanoindentation offers large scale of loads, small indents as result of nN or µN can affect 
correct unloading curves calculations while the indenter tip is used up or damaged [5]. On the contrary, large 
indent can cover larger area of the machined layer. Various loads were tested to optimise the maximal load 
and indents size for Berkovitch sapphire tip on 316L SS. All measurements were conducted with similar load 
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and loading function and indents matrix, and analysed with the same software. Indents were then observed by 
means of scanning electron microscopy (SEM) and electron back-scattered diffraction (EBSD) mapping was 
conducted to analyse microstructure and compare it with nanoindentation distribution results. 

2. MATERIAL AND EXPERIMENTAL TECHNIQUES 

2.1. Material 

The 316L SS produced by ENSA with the chemical composition shown in Table 1 was used for the 
microstructural analysis and nanoindentation. The 316L SS plate was cold rolled along the L direction 
(Figure 1) with an Acerinox rolling machine with a 15 % thickness reduction. After cold rolling, the L-T surface 
was machined using three industrial surface machining by the Nuclear Advanced Manufacturing Research 
Centre (NAMRC): a) standard treatment industrial (STI), b) surface advanced machining 1 (SAM1), c) surface 
advanced machining 2 (SAM2). 

The STI machining was performed by flat milling with feed speed of 300 mm/min, a cut depth in between 0.6 
and 1 mm and with a rotation speed of 200 RPM. SAM1 and SAM2 were machined with a cut dept of 1 mm 
with a feed speed of 0.4 mm/tooth and a cutting speed of 210 m/min. The difference between SAM2 and SAM1 
is the usage of supercritical CO2 with the addition of 1 ml/min of soybean oil as a lubricant in SAM2 instead of 
the CO2 in SAM1 

 

Figure 4 Schematic image of the orientation of the applied machining to the 316L SS plate  

Table 1 Chemical composition in wt% of cold-rolled 316L stainless steel. 

B C Co Cr Cu Fe Mn Mo N Nb Ni P S 

0.0004 0.018 0.01 17.56 0.05 66.04 1.72 2.33 0.07 0.01 12.17 0.017 0.001 

Specimens for microstructural characterization of L-S cross-sections were cut from the 316L plate using 
highspeed cutting wheel. The specimens were subsequently ground with SiC paper and polished using 3 µm 
and 1 µm diamond solutions and SiO2 suspension as a final step. 

2.2. Characterization 

Nanoindentation measurements were first conducted on sub-surface regions of all the samples and further 
correlated to the microstructure using SEM. 
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2.2.1. Nanoindentation 

The nanoindentation measurements were performed using Hysitron Tl 950 nanoindention device equipped 
with sapphire Berkovich indenter. The area function of the indenter was calibrated by the fused quartz with 
known elastic modulus and hardness, whereas the optical instruments and the tip accuracy were calibrated 
with a Poly-(methyl methacrylate) (PMMA) or acrylic glass.  A trapezoid load function with maximum load of 3 
mN was used, where the load was increased for 3 s to the maximal force, paused for 2 s to eliminate 
contribution of the elastic deformation and, finally unloaded in 3 s. The thermal drift and piezo instrument settle 
were automatically calculated before every single indentation step and considered in the calculations.  

The nanoindentation maps in L-S plane with 25 x 12 individual indents separated by 10 μm along the L-
direction and 5 μm on the S-direction covered the area of 240 × 55 μm2. Nano - hardness (nH) was calculated 
and nH distribution maps of the chosen sub-surface regions of 30x30 µm with the first row of indents closest 
to the surface were further analysed.  

2.2.2. SEM 

EBSD analyses were performed at 20 kV with a TESCAN Lyra field emission gun scanning electron 
microscope (FEG-SEM), equipped with a EBSD detector and a SDD X-Max 150. The samples were tilted at 
70° with the respect to the incident electron beam and EBSD maps of 30 × 30 µm2 were acquired with a step 
size of 50 nm. OI Aztec ver. 5.0 software was used for data processing and analysis. 

3. RESULTS AND DISCUSSION 

15 % cold-rolled 316L austenitic SS microstructure is shown in Figure 2. The average grain size in the bulk of 
the plate is around 40 um observed in T-S plane. Extensive plastic deformation is imposed during cold-rolling 
as is indicated by twins and slip bands in inverse pole figure (IPF) in Figure 2a. Local misorientaton mapping 
(Figure 2b) shows high misorientation on the grain boundaries of initial grains as well as grains formed during 
cold rolling. This indicates the high level of deformation induced during cold processing. 

 

Figure 5 Microstructure of the col-rolled 316L stainless steel: a) IPF and b) local misorientation maps 

The subsurface microstructure was studied using a combination of nanohardness and EBSD analysis, by direct 
correlation of local mechanical properties with microstructural features. In Figure 3, the distribution of the 
nanohardness along the depth of the studied subsurface regions of three machined surfaces is presented. 
Nano-hardness values are averaged from three values for each row of indents starting with the closest one to 
the surface and covering a depth of about 30 µm. 

In the rolling direction, the ultrafine grain layer (with the grain size less than 50 nm) of 1-4 µm is observed  
in all machined samples. The hardness is significantly higher in this area due to a significantly small grain size, 
less than 50 nm. The grain size was determined according to the step size of acquired diffraction patterns 
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since the precise value cannot be distinguished using conventional EBDS with limited resolution.  
Figures 3g-3i show that in all machined samples a subsurface layer with increased hardness is formed. For 
STI surface UFG layer is slightly thinner compared to SAM samples (Figure 3a). However, according to the 
nano-hardness data in Figure 3g, the machining affected area for SAM2 samples is deeper and might be as 
deep as 15 µm. The nanohardness in this area achieves about 4.5 GPa and then decreases to about 4 GPa 
with distance from the surface. Such a decrease of hardness might be also caused by the grain orientation as 
is shown in Figure 3a. However, the local misorientation map in Figure 3b shows larger misorientation in the 
substructure, which indicates the higher amount of local strain, caused by induced plastic deformation. 

 
Figure 3 Electron-back scattered diffraction maps (IPF and local misorientation) and nanoindentation 

average value per row of indents for STI, SAM1 and SAM2 machined surfaces in L-S plane 
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SAM1 cross-section in the rolling direction shows higher hardness values in 30 µm subsurface area compared 
to STI. The hardness of UFG layer is reaching 6 GPa and decreases to about 5 GPa in 10 µm (Figure h). 
EBSD mapping of this area also shows a highly deformed area on the right-hand side in Figures 3c and 3d, 
which can be caused by non-uniform application of the machining tool. This leads to the higher level of induced 
strain in the grain on the left according to Figure 3d. These two neighbouring grains have slightly different 
hardness, which leads to the lower average value compared to indents row 4 and 5, lying 15 and 20 µm from 
the surface respectively. SAM2 subsurface area IPF map in Figure 3e shows the presence of UFG layer of 
about 4 µm. This region is followed by the 2-5 µm sub-grains region produced by dynamic recrystallisation 
during machining. A high level of induced deformation is also present as shown by the presence of extensive 
twinning and increased local misorientation up to 20 µm deep. The nanohardness is 5.3 GPa in the UFG layer, 
it slightly increases in the sub-grained region and decreases up to 25 µm depth. This behaviour is in very good 
agreement with the observed microstructure.    

The thickness of UFG layer increases from STI to SAM1 and SAM2. The SAM1 and SAM2 surfaces were 
machined using a tool with larger cut depth of 1 mm compared to STI. The addition of the soybean oil to the 
CO2 as a lubricant might be one of the reasons for the production of a thicker UFG surface layer in SAM2 
compared to SAM1. Slightly lower nanohardness in UFG layer compared to the deeper regions was observed 
in both STI and SAM2 samples. This can be caused by two main reasons. Firstly, it can be due to the low 
amount of data points and insufficient statistics. Secondly, it can be related to the procedure of nano-hardness 
evaluation. As it was discussed in [6] by Musil et al., strain hardening characteristics should also be taken into 
an account. In fact, according to them, the ratio H/σy, where σy is yield strength, ranges, respectively, from 2.2 
to 2.6 or 2 to 20 (for indentations with a cone angle of 70.3°). Moreover, for some hard thin coatings (but <50 
GPa) this effect was discussed and addressed to the procedure of nano-hardness and, the so-called, universal 
hardness (HU) evaluation. This effect should be further studied.   

4. CONCLUSIONS 

The effect of machining on sub-surface microstructure of cold-worked 316L SSs was studied. Three different 
surface machining were compared (STI, SAM1 and SAM2). The cross-sections of the samples in the L-S plane 
were analysed using nanoindentation and EBSD mapping. The results show that the thickness of UFG layer 
formed on the surface changes with different machining techniques. The UFG layer thickness increases from 
STI to SAM1 and further to SAM2. The possible reason is that the SAM1 and SAM2 surfaces were machined 
using a tool with larger cut depth of 1 mm compared to STI. The addition of the soybean oil to the CO2 as a 
lubricant can lead to a production of thicker UFG surface layer in SAM2 compared to SAM1. In all samples the 
UFG layer is characterized by having the highest nano-hardness. This work is still ongoing in the frame of 
HORIZON-2020:MEACTOS project.  
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Abstract 

The continuous casting process requires permanent investigation and innovative improvements due to its large 
application in steel production. A good hot ductility behavior is essential to avoid the formation of defects during 
slab casting. The behavior of two low alloyed steels, with different compositions in B-, Cr-, Ni- and Ti-content, 
was compared to understand the features that might bring improvements in hot ductility, and consequently 
reduce the occurrence of defects. The first alloy investigated presents a low content of all elements and the 
second has a composition with a higher fraction of the alloying elements referred to. Hot tensile tests after in 
situ melting of the samples were performed to reveal the hot ductility behavior of the each microalloyed steel. 
The results of final reduction of area showed a much better ductility of the second steel, alloyed with higher B, 
Cr, Ni and Ti-content, in comparison to the first. Initial microstructure analysis was performed as a means of 
better evaluating the effects of the temperatures and strain rate applied in both steels. Furthermore, 
precipitation kinetics of both steels were calculated using the MatCalc software, determining the expected 
mean radius, number density and phase fraction of the predicted precipitates. Possible reasons for the 
changes seen experimentally are discussed based on both, simulations and microstructure analysis.  

Keywords: Continuous casting, low alloyed steel, hot ductility, hot tensile test, precipitates  

1. INTRODUCTION 

The occurrence of internal and surface cracks during the straightening operation of the continuous casting 
process is a major concern in this steelmaking process since it can reduce quality and increase costs [1,2]. 
The susceptibility to such cracking is evaluated through the hot ductility behavior of the steel, which usually 
presents its minimum in the range of 700 to 1,000 °C, which also coincides with the temperature range at 
which straightening usually takes place [3-5]. The evaluation of the ductility at higher temperatures for different 
steel grades is thus essential.  

The determination of the hot ductility curve is very useful for prediction of cracking in new steel grades and for 
implementing necessary adjustments to the industrial process [3]. The data for the curve is provided by 
performing hot tensile tests and subsequent determination of the reduction of area (RA) of the samples 
ruptured [2,6]. Values below 40 % are considered too low and undesirable [5].   

To improve some steel properties, alloying elements such as Mn, Ti, B, Al, V and others are usually added [7]. 
This addition, which can promote precipitation, combined with the ferrite films formed at grain boundaries 
during the phase transformation, can be the reason for the crack initiation [4,6].  

In the present work, two different low alloyed steels are tested at various temperatures, after heating the 
samples until the melting temperature is reached before cooling, as a means of reproducing the continuous 
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casting process as closely as possible. The strain rate chosen for the hot tensile test is close to that for the 
industrial operation [5]. As a result of the different quantities of alloying elements used, the behavior of the two 
steels shows a relevant disparity, which will be explored. The possible reasons for the different performances 
are discussed based on the experimental and simulation results.   

2. MATERIALS AND METHODS 

The composition of the two chosen low alloyed steels analyzed is described in Table 1. The named steel 
number 1 has low carbon content and no significant quantity of any other alloying element. The steel number 
2 has more alloying elements, such as B, Cr, Ni and Ti, and also both lower sulfur content and more vanadium. 

Table 1 Chemical composition in wt% 

 C B Cr Ni Ti Mn V Al P S N 

1 0.079 0.0002 0.280 0.028 0.014 1.67 0.004 0.051 0.013 0.0051 0.0052 

2 0.087 0.0024 0.950 0.470 0.027 1.64 0.107 0.052 0.0094 0.0005 0.0051 

The samples were machined with equal geometry for both steels, in dog-bone shape and axis parallel to the 
rolling directions, as shown in previous work [8]. Experiments were performed in an in-house built 
thermomechanical simulator, the BETA 250-5. It can produce a vacuum atmosphere, heat the samples until 
the melting point with an inductive heating and perform tensile tests at high temperatures after the solidification.  

Samples were held by the upper tension arm of the machine, which deals with the displacement in the vertical 
direction. The lower part of the specimen is fixed and supported to compensate for the thermal expansion [8]. 

The temperature during the thermal cycle was measured by a thermocouple spot welded in the center of the 
sample. The samples were heated until melting, measured around 1450 °C, and kept at this point for 90 s to 
ensure the dissolution of precipitates, bringing the tested material closer to the state existent after the 
continuous casting. Subsequently the specimens were cooled down to the test temperature chosen and held 
for 10 s before straining was initiated. Test temperatures were varied between 650 and 1,100 °C, and the 
strain rate applied was constant and equal to 10-3 s-1. The sample fracture surface area was measured for 
each condition applied and the reduction of area was calculated. With the values obtained, the ductility curves 
for both materials were plotted.  

Thermokinetic simulations were performed using the MatCalc software (version 6.02) to predict the 
precipitation behavior [9]. Equilibrium calculations were also carried out to determine the phase diagram, which 
indicates the precipitates that are expected for each of steel. The mean radius, number density and phase 
fraction calculations were made only for the higher temperatures (800 °C and above) to avoid the two-phase 
region where ferrite and austenite are simultaneously present, which is not yet precisely modelled.  

The simulations considered the nucleation and growth of precipitates at grain boundaries (gb) and dislocations 
(d). In the steel number 1, AlN (gb) and MnS (d) are expected to be formed, as well as AlN at MnS [10,11]. In 
steel number 2, BN, Ti(C,N), MnS and other carbides (M6C, M7C3 and M23C6) were first considered, at grain 
boundaries and dislocations [1,12,13]. Due to a very low phase fraction of MnS and the other carbides (lower 
than 10-12 %), they were not considered for the final evaluations. 

Initial microstructure analyses were also performed on the tested samples. The samples were cut in the length 
direction, polished, and etched with 3 % Nital. First observations were after polishing, before etching, for 
qualitative analysis of porosity. They were subsequently etched and observed once more for analysis of the 
structures present. 

The results from experiments and simulations were compared to a further understanding of the behavior of the 
steels independently and in comparison.    
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3. RESULTS AND DISCUSSION 

The hot ductility curve was determined for both alloys by applying the strain rate that correlates to the 
continuous casting, 10-3 s-1, at different temperatures in the range of 650 to 1,100 °C. Curves are shown in 
Figure 1. The results for the steel number 1, which have been partially published [8], show a ductility minimum 
between 850 and 700 °C, which is determined by the reference value of 40 %, indicated. As for the steel 
number 2, the ductility seen is higher at all points, with its lowest at 700 °C and no clear ductility trough formed, 
never reaching the minimum of 40 % of reduction of area.  

These results indicate an improved hot ductility behavior with the addition of the alloying elements mentioned, 
especially B and Ti, and the lower S content. Boron can move the ductility trough to lower temperatures by 
delaying austenite/ferrite transformation during cooling and improve ductility when it segregates to grain 
boundaries, repelling S and occupying vacancies [3,14,15]. However, the formation of BN at austenite grain 
boundaries can be a reason for crack initiation. The titanium addition is thus also beneficial, since it can build 
TiN, which precipitate earlier and dispersively, leaving less N available for the formation of BN [3,14]. TiN can 
also be nucleation sites for other precipitates, reducing the pinning effect of precipitates at grain boundaries, 
thus improving ductility [14]. Furthermore, when the Ti/N ratio is high enough, as it is for the second steel, the 
ductility has been seen to be improved [16,17]. 

 

Figure 1 Reduction of area at different test temperatures for steel grades 1 and 2 

Microstructure analyses of the samples from the steel number 1 are exemplified in Figure 2. Above 900 °C it 
showed recrystallized grains and some deformation induced ferrite formed in the grains, both linked to the 
good ductility seen at this range. Below 900 °C until 750 °C, grains were larger and ferrite films were present 
at the boundaries, a fact that can account for the reduction in ductility, since the strain concentrates at the 
softer phase (ferrite) and cracks initiate more readily. At this temperature, the cracks were seen to initiate and 
follow the grain boundaries, typical to a brittle fracture. At 700 °C and lower, the ferrite amount was higher and 
above that considered critical for ductility and bringing a ductility recovery [18]. 

 
Figure 2 Etched samples of steel number 1 tested at (a) 900 °C, (b) 750 °C and (c) 650 °C 
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Images from microstructure of steel number 2 are shown in Figure 3. With its better ductility, this steel also 
presented signs of recrystallization above 900 °C, with elongated grains and clear ductile fracture through the 
sample, indicating that the deformation was not concentrated at grain boundaries. From 850 to 750 °C some 
areas with larger grains and brittle fracture were seen, but also areas with elongated grains and ductile fracture 
were present and predominating. At 700 °C (lowest ductility), elongated grains were not seen and some ferrite 
at grain boundaries was identified, aligned with the lower ductility seen at this point. Below this temperature, 
more deformation induced ferrite inside the grains was seen to be formed, what brings a better strain 
distribution through the grain, and not only at the boundary, improving the ductility again, as seen in Figure 1.  

 
Figure 3 Etched samples of steel number 2 tested at (a) 900 °C, (b) 700 °C and (c) 650 °C 

The difference in ductility at lower temperatures is clearly seen in the fracture and microstructure when 
comparing the structures seen for both steels. While steel number 1 shows a clear difference in the grains 
when the temperature reaches the ductility minimum, steel number 2 had a similar structure throughout the 
tested samples, with some minor differences only. This relates to the differences seen between the two ductility 
curves presented.   

The results of the precipitation kinetics simulation for steel number 1 are displayed in Table 2. They show that 
AlN at grain boundaries are expected to be the bigger precipitates, but in lower fraction. MnS at dislocations 
had the highest phase fraction, with a smaller mean radius. Furthermore, a decrease of mean radius and an 
increase of number density with the decrease of temperature was seen for all precipitates, together with a 
slight decrease in phase fraction at 800 °C. This indicates a stronger influence of the change in grain size in 
the fraction of the precipitates in the material. This difference in results between both temperatures is due to 
the coarsening and growth of precipitates that occurs when the temperature is higher. Finer precipitates are 
known to be detrimental to ductility [16], matching the drop in ductility seen from 900 °C to 800 °C. The 
dislocation density results were lower for the higher temperature, which is due to the annihilation of 
dislocations. This can also be linked to the experimental results, since with lower dislocation density there is 
also less sites for precipitation, improving the ductility. 

Table 2 Results of the simulated precipitation kinetics for steel number 1 

Steel 1  Mean Radius (nm) Number Density (m-3) Phase Fraction (%) 

 Location 800 °C 900 °C 800 °C 900 °C 800 °C 900 °C 

MnS d 8.17 20.99 6.31E+19 4.32E+18 1.57E-02 1.75E-02 

AlN 
gb 60.35 81.66 7.09E+11 5.46E+11 6.53E-08 1.25E-07 

MnS 2.54 6.75 6.35E+19 3.91E+18 4.52E-04 6.18E-04 

 800 °C 900 °C 

Dislocation Density 6.93E+13 4.09E+13 
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Simulations for steel number 2, presented in Table 3, showed that very little change in the precipitates is 
expected to be seen between 900 and 800 °C. The exception was Ti(C,N) at dislocations, showing a 
coarsening with the increase of temperature (higher mean radius with lower number density and constant 
phase fraction). This is in good agreement with the experimental results seen, where the ductility is high and 
very similar at these temperatures. BN showed higher results of mean radius than Ti(C,N), but lower number 
density, endorsing that TiN are preferentially formed, consuming part of the nitrogen available before BN can 
be formed. This behavior also contributes to a better ductility of the steel. The lower fraction of precipitates at 
grain boundaries also shows a reason for the improvement in ductility and reinforces that the dispersive 
precipitation of TiN can reduce the number of precipitates at grain boundaries, avoiding the pining effect. 

Table 3 Results of simulated precipitation kinetics of steel number 2 

Steel 2  Mean Radius (nm) Number Density (m-3) Phase Fraction (%) 

 Location 800 °C 900 °C 800 °C 900 °C 800 °C 900 °C 

BN 
gb 1155.76 1155.44 2.03E+09 2.03E+09 1.32E-06 1.31E-06 

d 356.44 389.71 1.08E+15 9.73E+14 2.44E-02 2.44E-02 

Ti(C,N) 
gb 112.08 112.72 3.77E+11 3.77E+11 2.23E-07 2.26E-07 

d 2.51 14.58 1.47E+19 2.18E+18 4.99E-03 5.88E-03 

 800 °C 900 °C 

Dislocation Density 6.77E+13 3.95E+13 

On comparing the results from both steels, it can be seen that the precipitates are coarser and in lower number 
density in steel number 2, which may also be a reason for the improvement in ductility for steel number 2, 
since coarser precipitates are less detrimental. Furthermore, AlN and MnS can have a more negative effect 
on the ductility than the nitrides seen for steel number 2. 

4. CONCLUSION 

The comparison between the two low alloyed steels showed that the addition of Cr, Ni and specially B and Ti 
improved the hot ductility behavior of the steel. This improvement can be attributed to the lower S content; the 
absence of AlN, since TiN and BN are preferentially formed; the earlier and dispersed precipitation of TiN 
allowing less BN to be formed at grain boundaries; together with less deformation induced ferrite films 
formation.  

This general improvement in the hot ductility behavior of the steel through the addition of alloying elements as 
presented is interesting for the continuous casting process. It can decrease cracks during the process, 
improving quality and reducing process costs. 
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Abstract  

The good weldability of thermomechanically rolled high-strength steels is vital for contemporary steel 
structures. Full utilization of their capacity requires detailed knowledge and quantification of all processes that 
are involved by the heat-deformation cycle during welding. As good cold-formability is one of their promoted 
capabilities, residual stress gradient after forming to particular profile has the non-negligible effect on the 
dynamic resistance of welded joints. 

In this study, the dynamically stressed structural unit made of ALFORM 700M steel was investigated, where 
the initiation of fatigue damage during experimental test in connection with the degrading effect of welding was 
determined. Invoked processes are evaluated using structural analyzes. The heterogeneity of mechanical 
parameters is expressed by the local yield strength measured by the indentation method. Fractographic 
analysis of the initiation process and individual stages of fracture development reflects the influence of both 
welding and the initial quality of the steel. 

An important role of the residual stress of the formed profile is found out, leading to a limited extent to the 
delamination of the material during welding and thus decisively affects the fatigue resistance. 

Keywords: High strength steels, thermomechanically rolled steels, delamination of rolled profile, weldability, 
indentation 

1. INTRODUCTION 

Microalloyed and thermomechanically rolled steels presents one of the most important material concepts for 
high-strength steels development. Weldability and cold-formability are the main potentials and the welded 
hollow-sections parts thereby play the key role in structures. Furthermore, these hollow sections are critical for 
energy absorbent parts in contemporary automotive applications, where welding is still the most common 
joining method. Their increasing application is essential for the design of construction to increase the strength 
to weight ratio and at maintain or even improve safety standards, i.e., for automotive structures, trucks, cranes 
and ships [1,2].  

Microalloyed and thermomechanically rolled steels are standardised according to EN10149-2. These steels 
are widely used, but their correct application requires detailed knowledge and quantification of the welding 
process influence. An imperfect design of the welded joint, even in combination with the internal stress after 
cold forming, can significantly affect the fatigue resistance of structural units. Due to the high-temperature 
sensitivity of these steels, many studies reported the need for heat input limitation and cooling rate control  
[3-7]. 

On the one side, the degradation of high-strength thermomechanically-treated steels due to the welding 
process, particularly softening [3,8], decrease in toughness [8], cold cracking [9] or lack of ductility [3] are well 
defined. However, on the other side, the development of pre-strains in hollow sections is an unavoidable effect, 
which is thus far not precisely included in the normative rules for cold-formed areas and welding technologies 
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validations. Although some limitations of hollow-sections producers in minimal diameter/radius/thickness are 
met, the final effect on residual stress, microstructural parameters and increased dislocation density leads to 
the different capabilities of energy consumption during welding. So the prediction of the complex influence of 
the welding together with the pre-strain effect of bent hollow-section parts is of the utmost importance.   

Localised differences in stiffness and residual stress increase the requirements on the metallurgy capacity for 
energy absorption by microplasticity, which is decisive for final fatigue response. The presence of a welded 
joint reduces the fatigue resistance depending on the heat input during the welding [10,11,12]. Afkhami et al. 
[3] reported the influence of different pre-strain intensity on the structural and mechanical parameters induced 
by gas-metal arc welding.  

This paper aims to introduce the method to assess the complex state of ALFORM 700M steel after welding, 
considering the effect of cold forming. The dynamically tested unit in this study contained a welded joints 
adjacent to the hollow-sections bending, which combined the mentioned issues and led to premature fatigue 
fracture. The combined influence of welding and pre-strain effect is measured in local differences in residual 
plastic capacity.   

2. MATERIAL AND METHODS  

Welded joints of hollow sections, dimensions 90x380 mm, thickness of 6 mm, made of steel grade of ALFORM 
700M were performed under the GMAW method (the OK Autrod 12.64 filler mat./M21 shielding gas). The 
chemical composition of the analysed steel is given in Table 1.  

A combination of optical and scanning electron microscopy with energy-dispersive X-ray spectroscopy was 
used for structural analyses. Metallographic sample preparation consisted of mechanical grinding and 
polishing; used etching - 3 % Nital. The fractographic analysis served to assess the fracture mechanism, 
initiation and fatigue cracks propagation. The hollow-section delamination influence, which was determined to 
be very significant, was analysed in connection with fracture initiation. 

Table 1 Chemical composition (wt %) 

 C Mn Si P S Cr Ni Al Ti Mo Nb V 

Analysed 
steel 

0.067 1.89 0.026 0.0074 0.0010 0.025 0.0066 0.046 0.130 0.0059 0.049 0.0068 

Alform 700 M 
(max.) 

0.12 2.1 0.50 0.02 0.008 0.30 0.30  0.20 0.30 0.08 0.15 

To quantify the influence of welding technology, both conventional Vickers hardness measurement (HV0.5) 
and Depth Sensing Indentation (DSI) cylindrical tests were performed in the fatigue crack initiation zone. The 
hardness gradient and the local yield strength were measured in lines perpendicular to the fusion zone. An 
unconventional cylindrical indenter with a diameter of 0.5 mm at a load of 600 N was used for indentation tests. 
The indentation yield stress is determined using the analytical definition of shear deformation under the contact 
surface, according to Hencky's hypothesis [13,14]. The standard tensile test in the longitudinal and 
perpendicular orientation of the uninfluenced hollow-section part served as a final validation.  

3. RESULTS AND DISCUSSION 

3.1. Structural influence of welding 

The uninfluenced microstructure shows a fine ferritic microstructure with partial grain deformation after forming 
(Figure 1(a)). The fine precipitates, together with the microalloying elements in solution, delay the 
recrystallisation of the deformed austenite. The hardening mechanism is mainly based on the contributions of 
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the solid solution hardening, precipitation hardening by titanium-niobium carbonitrides (Ti,Nb)(C,N), grain 
refinement and dislocation hardening. The analysed material contains relatively coarse carbides of the TiN 
type, resp. TiNC.  

The range of the heat-affected zone (HAZ) in relation to the hollow section radius is displayed in Figure 1(b). 
Imperfect root fusion did not reduce the strength of the joint in this case; no fatigue cracks were found in the 
root. Due to the effect on fatigue resistance, the fundamental changes in the geometry and size of the grain 
and the phase changes in response to the achieved cooling rate are mainly in the zone along the fusion line. 
The decisive sublayer´s microstructure is displayed in Figures 1(c),(d). The coarsened region, adjacent to the 
fusion line, consists mainly of ferrite laths, decomposed upper bainite, and martensite (Figure 1(d)). The full 
recrystallization was reached in the grain refinement zone (Figure 1(c)). For the Alform700M, incomplete 
recrystallization is desired during the finishing rolling to utilise the strengthening mechanisms. The relatively 
low content of micro-alloying elements supports the recrystallization resulting from welding. Heating to 
normalization temperatures did not lead to radical grain refinement compared to the initial stage. The observed 
reduction of the ferrite acicularity means the deterioration effect in terms of strength and toughness.   

 

Figure 1 Structural effects of welding (a) parent steel, (b) Position of welded joint vs bending of the hollow 
profile, (c) grain refinement zone, (d) coarsened region 

3.2. Fractography Analyses, Effect Of Delamination 

Two different fatigue initiation sources were distinguished when examining the fracture surface. Delamination 
of the hollow section along the bent part was discovered due to the collision of the pre-strain effect with the 
thermal stress after welding. The shear fracture mode of the initial delamination is shown in Figures 2(a, b). 

Consequently, the fatigue resistance was limited by multiple initiations of fatigue cracks on the inner surface 
of the hollow section and on the surface of delamination at the same time. The cracks propagated towards the 
weld interface under specific stress-strain conditions. Only to a minimal extent was the fatigue crack initiated 
directly at the weld interface, i.e., due to the prevalence of the welding degradation effect, Figure 2(c).         

HAZ 

(a) (b) 

(c) (d) 
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In contrast, in the part where was found no delamination of the welded hollow section, was the initiation of a 
fatigue crack in the zone along the fusion line (coarsened region). The development of the crack then 
propagated across other layers of the HAZ into the base material. The delamination effect thus significantly 
affected the way the fatigue crack development.  

Figure 2 Fatigue crack development under influence of pre-strain effect; (a) path of fatigue crack 
propagation, (b) shear fracture in delamination, (c) initiation along the fusion zone 

3.3. Hardness and local yield stress measurement 

The hardness gradient of the HAZ confirms the results of metallographic analyses, see Figure 3. The loss of 
hardness in the grain refinement section was discovered up to 18 % with the respect to the pre-strained 
material. The increase in hardness was located in a coarsened region along the fusion line. The hardness in 
this section corresponds to the hardness of the base material, but due to the structural change of the grain, a 
lower impact resistance can be expected. The scattering of the values in the area of the base material is 
caused by the influence of the preserved anisotropy after thermomechanical rolling. The position of local hollow 
section delamination is shown in Figure 3, det. A. It can be seen that the fatigue crack developing from the 
interior of the profile to the free surface of the material was deflected along the interface of the two sublayers 
of the heat affected zone (hardened vs. softened) - Figure 3, det B.  

 

Figure 3 Welding vs. pre-strain effect quantification in HAZ (a) referential positions of DSI, (b) yield force 
determination, (c) hardness gradient through the fusion zone 

The values of the local yield strength were determined from the indentation tests, see Figure 3. The standard 
tensile tests were used for validation. The differences between the detected values correspond to the hardness 
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gradient. The larger area of the indenter body partially suppressed the scattering of the hardness values. The 
local yield strength decrease in HAZ was found out up to 18 % with the respect to the pre-strained material, 
while the place of decrease corresponds to the grain refinement zone. A comparison of the unaffected and the 
pre-strained material showed a significant local yield strength increase due to cold forming. The yield strength 
of the pre-strained material was found out to be up to 46 % higher in comparison to the unaffected material. 
This effect in combination with welding led to the delamination of the hollow section; no reference to the 
structural or chemical heterogeneity supporting the delamination, was found.   

Thus, the local mechanical properties in the critical zone (fatigue initiation zone) are derived from the complex 
influence of welding and pre-strain effect after cold forming. Deterioration of a primary dislocation enriched 
ferrite in the normalization layer leads to the sharp gradient along the fusion zone. So, it is the priority effect 
for fatigue cracks initiations. In case of the pre-strain cooperative effect, the deformation of the fine grains 
together with the presence of carbides increases the overall strength of the steel. The thermal stress due to 
the welding can then immediately lead to cracks formation prior to operational loading.  

4. CONCLUSIONS 

The combined effect of welding and cold forming on the fatigue initiation process was described for hollow-
section from thermo-mechanically treated ALFORM 700M steel. Structural and fractographic analyses 
identified the degradation mechanisms involved. DSI and hardness measurement was performed to quantify 
the localised effects. The following conclusions can be derived from the performed analyses: 

 While the recrystallisation of the thermomechanically processed steel, as a key degradation effect of 
welding, led to the softening in HAZ, the pre-strain caused a contrary effect in terms of strength and 
stiffness. Due to the applied welding technology, a significant decrease in strength was found; in 
hardness values and local yield strength by 18 % with the respect to the pre-strained material.  

 A comparison of the unaffected and the pre-strained material showed a significant increase in local yield 
strength due to cold forming - pre-strained up to 46 % higher in comparison to the unaffected material. 

 The initiation and development of the fatigue crack was influenced by the initial discontinuity of the profile 
material. This delamination of the material in the region of the profile radius led to the initiation of fatigue 
cracks on the inner surface, and thus a reduction in fatigue resistance. 

 The formation of delamination was a reaction to the stress state of the material after cold forming and 
welding. 

 The depth Sensing Indentation test using the cylindrical indenter was proved as a suitable method to 
distinguish the pre strain vs. welding influence on the fatigue initiation process. When supplemented 
with calibration by a static test, it is a reliable method for quantifying the localised degradation effect. 

ACKNOWLEDGEMENTS   

This work was supported by the project Number SGS_2021_010. 

REFERENCES 

[1] KAH, P., PIRINEN, M., SUORANTA, R., MARTIKAINEN, J. Welding of Ultra High Strength Steels. AMR. [online]. 
2013, vol. 849, pp. 357-365. Available from: https://doi.org/10.4028/www.scientific.net/amr.849.357. 

[2] High-strength and ultra-highstrength thermomechanically rolled fine-grained steels: Technical terms of delivery for 
heavy plates. VOESTALPINE GROBBLECH GMBH. 2014.  

[3] AFKHAMI, Shahriar, BJÖRK, Timo, LARKIOLA, Jari. Weldability of cold-formed high strength and ultra-high 
strength steels. Journal of Constructional Steel Research [online]. 2019, vol.158, pp. 86-98 [cit. 2021-03-28]. 
Available from: https://doi.org/10.1016/j.jcsr.2019.03.017. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

396 

[4] ZAVDOVEEV, A., V. POZNIAKOV, M. ROGANTE, M. SKORYK, ALEKSEENKO I. Study of the welding thermal 
cycle for HSLA steel grade alform plate 620M: structure and mechanical properties. Mechanical Technology and 
Structural Materials [online]. 2019, vol. 70, pp. 145-149. [Accessed 2021-03-28]. ISSN 1847-7917. 

[5] DOBOSY, Ádám, LUKÁCS, János. The Effect of the Welding Parameters on the Properties of 
Thermomechanically Rolled High Strength Steels. In: The publications of the MultiScience - XXX. MicroCAD 
International Scientific Conference [online]. University of Miskolc, 2016. [Accessed 2021-03-28]. ISBN 
9789633581131. Available from: https://doi.org/10.26649/musci.2016.079. 

[6] GÓRKA, Jacek. Influence of the maximum temperature of the thermal cycle on the properties and structure of the 
HAZ of steel S700MC. IOSR Journal of Engineering. 2013, vol. 3, no. 11, pp. 22-28. ISSN 22788719. Available 
from: https://doi.org/10.9790/3021-031142228. 

[7] GÓRKA, J. Weldability of Thermomechanically Treated Steels Having a High Yield Point. Archives of Metallurgy 
and Materials [online]. 2015, vol. 60, no. 1, pp. 469-475. [Accessed 2021-03-28]. ISSN 2300-1909. Available 
from: https://doi.org/10.1515/amm-2015-0076. 

[8] KURC-LISIECKA, A., PIWNIK, J., LISIECKI, A. Laser Welding of New Grade of Advanced High Strength Steel 
STRENX 1100 MC. Archives of Metallurgy and Materials [online]. 2017, vol. 62, no.3, pp. 1651-1657. [Accessed 
2021-03-29]. ISSN 2300-1909. Available from: https://doi.org/10.1515/amm-2017-0253. 

[9] GARAŠIĆ, I., ĆORIĆ, A. KOŽUH, Z. SAMARDŽIĆ, I. Occurrence of cold cracks in welding of high-strength S960 
QL steel. Tehnički vjesnik . 2010, vol. 17, no.3, pp. 327-335. 

[10] ŠEBESTOVÁ, H., HORNÍK, P., MRŇA, L., JAMBOR, M., HORNÍK, V., POKORNÝ, P., HUTAŘ, P., AMBROŽ, O., 
& DOLEŽAL, P. Fatigue properties of laser and hybrid laser-TIG welds of thermo-mechanically rolled steels. 
Materials Science and Engineering A-structural Materials Properties Microstructure and Processing. [online]. 
2019, vol. 772, p. 138780. Available from: https://doi.org/10.1016/j.msea.2019.138780. 

[11] LAHTINEN, T., SILVA, P.V., & INFANTE, V. Fatigue behavior of MAG welds of thermo-mechanically processed 
700MC ultra high strength steel. International Journal of Fatigue. [online]. 2019, vol. 126, pp. 62-71. Available 
from: https://doi.org/10.1016/J.IJFATIGUE.2019.04.03.4 

[12] DOBOSY, Ádám, LUKÁCS, János. Welding Properties and Fatigue Resistance of S690QL High Strength Steels. 
Materials Science Forum [online]. 2015, vol. 812, pp. 29-34 [Accessed 2021-03-28]. ISSN 1662-9752. Available 
from: https://doi.org/10.4028/www.scientific.net/MSF.812.29. 

[13] BOWMAN, KEITH, J. Mechanical behavior of materials. Hoboken, NJ: John Wiley, 2004, p. xi. 334. ISBN 
0471241989. 

[14] HANUS, Petr, SCHMIDOVÁ Eva, SCHMID Michal. The Possibility of Evaluating the Yield Strength Through 
Indentation. In: Proceedings 24th International Conference on Metallurgy and Materials. Brno, 2015, pp. 476-481. 
ISBN 978-80-87294-58-1. ISSN 2694-9296. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

397 

MICROSTRUCTURE AND MECHANICAL PROPERTIES OF WELDED JOINT ON AUSTENITIC 

316L STEEL PRODUCED BY SLM METHOD  

Kristýna STERNADELOVÁ, Hana KRUPOVÁ, Petr MOHYLA 

VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, kristyna.sternadelova@vsb.cz 

https://doi.org/10.37904/metal.2021.4142 

Abstract 

This work deals with the influence of heat treatment and TIG welding technology on the mechanical properties 
and microstructure of welded joint. The weld was performed on a product from austenitic 316L stainless steel 
which was made by using SLM additive technology. In the experiment, test welds were welded and 
subsequently non-destructive and destructive tests were performed, including evaluation of the microstructure. 
All samples were evaluated as satisfactory by non-destructive tests. The tensile test was performed both for 
the welded joint and for the base material in the transverse and longitudinal direction. The values of the yield 
strength of the samples with the welded joint correspond to the values required for the base material - forged 
steel 1.4404. Microstructural analysis revealed significant differences between samples with and without heat 
treatment.  

Keywords: Selective laser melting, 316L, TIG, welded joint, properties 

1. INTRODUCTION 

Selective Laser Melting (SLM) is one of the most promising 3D printing technologies available today and is 
used for both rapid prototyping and mass production. Unfortunately, the range of available metal alloys for the 
SLM method is currently quite limited. This technique can be used for the additive production of stainless steel, 
tool steel, titanium, cobalt and aluminium parts. The SLM is a very energy-intensive process because each 
layer of metal powder must be heated above the melting point of the metal. The high-temperature gradients 
that occur during the SLM production can also lead to stresses and strains within the final product [1,2]. 

The main problem with SLM technology is often poor surface quality. In addition, a partially melted powder 
may adhere to the surface, melt or powder can form splashes on the surface during production. Also, 
a deformed product can be made. Alternatively, a crack may occur, or the product may separate from the base 
platform [3,4]. Residual stress negatively affects the mechanical properties of manufactured parts [4]. 

The SLM process enables the production of strong, light, and complex metal structures. Another disadvantage 
of this method is the limited size of the products, due to the limited size of the production space of the machine 
for SLM. If we need a larger component, we must proceed to combine the individual smaller parts into one 
whole [5]. For 316L, welding appears to be promising. For this reason, this work is focused on the influence of 
TIG welding and the influence of heat treatment on the mechanical properties and microstructure of the welded 
joint. Specifically, the proven TIG method without additional material was used to connect two 316L stainless 
steel parts made with SLM additive technology. 

2. EXPERIMENTAL 

The basic material for welding were test specimens made using SLM 3D printing technology from 316L 
powder. Figure 1 is a view of manufactured plates ready for welding a test weld. 
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A total of four test welds were made, labelled 3D1, 3D2, 3D3 and 3D4. Table 1 shows the chemical composition 
of the base material. Optical emission spectrometry analysis (GDOES) was performed using a Spectruma 
Analytic glow discharge optical emission spectrometer in accordance with [6,7].  

 

Figure 1 Test plates made by the SLM method ready for welding 

Table 1 Chemical composition of the base material 

Element content [%] 

C Mn Si P S Cr Ni Mo W Nb Al 

0.016 1.17 0.22 0.023 0.0067 17.72 14.24 2.73 0.19 0.013 0.01 

Test specimens 3D3 and 3D4 were heat-treated (HT) by annealing in a furnace with a protective argon 
atmosphere before welding. In the first phase of the heat treatment, heating was performed at a rate of 250 °C 
per hour to an annealing temperature of 1040 °C, endurance at a temperature of 30 minutes. This was followed 
by accelerated cooling by a fan for 30 minutes. Samples 3D1 and 3D2 were left without heat treatment. 

The TIG method (141) was used to weld all test specimens. The welding took place without additional material. 
The individual parts of test specimens were assembled without a gap. The welding current was in the range 
of 80-90 A and the welding voltage was in the range of 8-13 V. Argon shielding gas was used to protect the 
weld and the root. The set flow rate for the weld was 11 l / min and for the root 6 l / min. 

The capillary test was performed according to the EN ISO 3452-1 [8] standard and evaluated according to the 
EN ISO 23 277 [9] standard. No indications were found for all samples and the test was evaluated as 
acceptable. 

The radiographic tetsing was performed according to the EN ISO 17 363-1 [10] standard and evaluated 
according to the EN ISO 10 675-1 [11] standard as acceptable for all samples, while some minor defects were 
found.  

3. RESULTS 

The Vickers hardness test was performed according to the EN ISO 6507-1 [12] standard on samples 3D1 
(without HT) and 3D3 (with HT). The results of the hardness measurements are shown in Figure 2. 

It is clear from Figure 2 that the sample which has undergone the HT process (3D3) has a lower hardness in 
the base material. This is because the solution annealing (1040 °C) caused the dissolution of carbides and 
a new homogeneous structure was formed, which externally manifested itself in the lower hardness of the 
material. In contrast, in the weld metal, the 3D3 sample has a higher hardness, and in the HAZ (heat affected 
zone), the hardness of both samples is approximately the same.  
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Figure 2 Hardness comparison of samples without HT (3D1) and with HT (3D3); HAZ - heat affected zone 

The tensile test was performed on the welded joint (transverse tensile test) and the base material (in the 
transverse and longitudinal direction). Samples 3D2 (without heat treatment) and 3D4 (with heat treatment) 
were tested. 

The transverse tensile test of the welded joint shows the ultimate tensile strength value of 570 MPa for the 
sample without HT. The sample with HT reached the ultimate tensile strength value of 550 MPa. 

Standard values for rolled steel 316L (1.4404) according to EN 10216-5 [13] standard are: ultimate tensile 
strength: 490-690 MPa, yield strength min. 190 MPa, ductility min. 30 %. Welded joints are therefore 
satisfactory in terms of strength.  

Table 2 shows the tensile test values of the base material in the longitudinal and transverse directions. In the 
longitudinal direction, the value of the yield strength and the ultimate tensile strength of the sample with HT is 
lower in comparison with the sample without HT. However, the ductility of the sample with HT is approximately 
30 % higher in comparison with the sample without HT and is safely above the lower limit of the required values 
by the EN 10216-5 standard. The ductility of the sample without HT is directly at the lower limit (30 %). 

Table 2 Tensile test results of the base material in the longitudinal direction and in the transverse direction 

Base material in the longitudinal direction 

Sample Yield strength Rp0.2 
(MPa) 

Ultimated Tensile 
Strength Rm (MPa) 

Ductility A  
(%) 

Percentage Reduction 
of Area Z (%) 

Without HT 553 670 30 42 

With HT 411 648 39 51 

Base material in the transverse direction 

Without HT 469 569 11 21 

With HT 384 503 8 16 

In the transverse direction concerning the layers in 3D printing, the resulting values are significantly worse. As 
in the previous case, the yield strength and the ultimate tensile strength values are slightly lower for the HT 
sample. The yield strength value is near the lower limit of the standard values (503 MPa). The ductility of both 
samples is well below the standardized lower limit. 

If we compare the results in the transverse direction with the results in the longitudinal direction the following 
facts arise: The values of ductility and contraction in the transverse direction have significantly reduced the 
plasticity of the material, and the achieved values are non-accetable concerning the EN 10216-5 standard  
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(8 % and 11 %, respectively). As for the ultimate tensile strength and the yield strength, there was also 
a significant decrease in the transverse direction for both the sample with HT and without HT. 

The structure in the HAZ changes from the characteristic structure of 3D printing to an almost homogeneous 
austenitic structure with a visible occurrence of pores towards the fusion boundary. This change is due to the 
high temperature during the welding process when carbides dissolve and recrystallize. Figure 3 shows how 
the initial 3D texture in the HAZ gradually disappears towards the fusion boundary. The same microstructural 
changes were observed in [14]. 

 

Figure 3 Panoramic image of the sample 3D1 without HT 

The HAZ microstructure of the sample 3D3 with HT is practically identical to the microstructure of the base 
material. The weld metal has a cast austenitic structure, just like the previous sample 3D1 without HT. Figure 4 
shows the transition from the weld metal to the base material of the HT sample. The characteristic structure of 
3D printing in the base material has completely disappeared due to HT.  

 

Figure 4 Panoramic image of the sample 3D3 with HT 

4. CONCLUSION 

Within this work, TIG welding was performed on samples produced by the SLM method without additional 
material, i.e., by simply melting the base material. Non-destructive tests were subsequently performed on all 
manufactured welded joints, namely: visual inspection, capillary test, and radiation test. All samples were 
evaluated as satisfactory by these tests. 

Microstructural analysis revealed a significant difference between the basic material of samples with and 
without heat treatment. The sample 3D1 without heat treatment shows the characteristic structure of 3D 
printing in the form of "melting baths", while the sample 3D3 underwent partial recrystallization due to heat 
treatment and the structure changed to purely austenitic. However, the carbides were not dissolved completely 
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in the sample 3D3. This is probably due to the short time selected for the heat treatment the sample has been 
subjected to heat treatment. 

The tensile test was performed both for the welded joint and for the base material in the transverse and 
longitudinal direction. The values of the ultimate tensile strength for the welded joint correspond to the values 
required by the EN 10216-5 standard.  

For samples with heat treatment, the measured values of the ultimate tensile strength are slightly lower. This 
is due to the heat treatment at 1040 °C/30 min, which leads to an increase in the toughness of the material 
and at the same time to its hardening, which corresponds to lower values of both the ultimate tensile strength 
and the yield strength. 

Larger differences are seen when comparing samples printed in the longitudinal and transverse directions 
concerning printing. Significantly lower values of the ultimate tensile strength were measured in the transverse 
direction compared to the values measured in the longitudinal direction. In addition, there has been a significant 
reduction in ductility in the transverse direction and the results are non-acceptable due to the EN 10216-5 
standard. However, such low ductility is common in 3D prints made of 316L material and is in accordance with 
[3,4]. 

The weldability of 316L stainless steel prepared by the SLM additive method is comparable to the weldability 
of conventionally produced material of the same quality. If the necessary technological parametrs are reached, 
satisfactory values of the mechanical properties of the welded joint can be achieved. The main problem is the 
unsatisfactory values of the mechanical properties of the base material measured in the transverse direction 
concerning the printing layers. It is therefore very important that the direction of the main stress is, if possible, 
oriented longitudinally to the printed layers. 
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Abstract  

In metal forming processes, in some cases, galling occurs, which results in the formation of built-up edges on 
the surface of the tool. They usually damage the outer layer of the workpiece. The aim of the work is to broaden 
the knowledge about the structure and mechanisms of the formation of the build-ups structure. In this case, it 
concerns the build-up produced on the NC6 steel tool in the process of drawing the steel 30 strip at an elevated 
temperature. At a special stand enabling the process temperature change, the temperature of the greatest 
tendency to galling in dry friction conditions was determined at 620 °C. As a result of the research, the 
annealing temperature of the built-up material was determined at 500 °C. It was noted that the build-up formed 
at 620 °C has a hardness more than twice as high as the same build-up annealed for 1h at approximately 
similar temperature, 600 °C. The difference is due to the differences in the dynamics of the processes. The 
process of the build-up leads to the formation of a highly deformed supercooled structure which reaches the 
state of equilibrium during quasi-static annealing. The energy stored in the supercooled structure of the build-
up during annealing at a relatively low temperature of 400 °C activates the recovery process, reducing the 
hardness by 30 %. Structural investigations have shown that the resulting build-up has a streak structure, 
probably created in the process of shearing successive layers of material. In build-up edge, the more 
strengthened layers alternate between layers with a lower degree of deformation.  

Keywords: Metal forming, build-ups, microstructure, warm-forming  

1. INTRODUCTION 

Wherever sliding contact of solids occurs, i.e. in virtually all fields of technology, one should take into account 
the possibility of unfavorable wear phenomena related to the phenomenon of adhesion [1]. They lead to an 
increase in the coefficient of friction, damage to the surface and the deposit of softer material on the harder 
material [2]. This phenomenon takes many forms [3], but only one of them is called galling. The accepted 
definition is: A form of surface damage arising between sliding solids, distinguished by macroscopic, usually 
localized, roughening, and the creation of protrusions above the original surface; it is characterized by plastic 
flow and may involve material transfer. Tools in metal forming processes are particularly exposed to this severe 
form of adhesive wear [4]. The unfavorable tribological conditions occurring here, such as high pressures, 
surface growth of the deformed material and low relative speeds favor the development of this process. This 
is especially the case at forming at elevated temperatures [5]. In these processes, counteracting the galling 
phenomenon becomes one of the main technological problems. Particularly unfavorable lubrication conditions 
occur in microforming [6,7] and micro-blanking processes [8] which have recently become of particular interest. 
In order to eliminate or at least reduce the tendency to galling, many different methods are used, such as 
surface [9] and sructure [10] modification of the tool, surface topography control [11,12] and even tool vibration 
at different frequencies [13,14]. Galling also increases the forces of the process [15] and can scratch the 
surface of the tool. It is possible because the hardness of the built-up edge even made of soft material, is very 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

404 

high and is caused by large deformations that arise during its formation. Much of the work on galling in the 
literature has been concerned with the qualification of galling,[16] with much lover being produced on the build-
up structure [17] and galling initiation in micro-scale [18]. From the published works, we learn that the build-
ups generated in the galling process have a layered structure [17]. It should be noted that the phenomenon of 
the formation of the built-up structure is similar to one of the methods of producing ultra-fine-grained materials. 
Namely: Incremental Equal Channel Angular Pressing (I-ECAP) [19]. In both cases, successive layers of 
material are sheared without loss of cohesion, which leads to the fragmentation of the structure and great 
strain hardening. The aim of this work is to broaden the knowledge about the structure of the build-up and the 
mechanisms of its formation. In this case, it concerns the build-up produced in the process of drawing the steel 
30 strip with a NC6 steel tool under warm working conditions.  

2. MATERIAL AND METHODS 

The research program included: 

 determining the optimal conditions for the formation of built-up edges, 

 creating build-ups, 

 determination of the influence of temperature on the microhardness of the build-up edge and 
determination of the annealing temperature of its material, 

 structural analysis of created build-ups. 

2.1. Materials 

Steel 30 is a steel with a carbon content of 0.27 to 0.34 %. At such a concentration of carbon, pearlite appears 
in the steel structure and the steel has a ferritic-pearlitic structure. NC 6 steel is a cold work tool steel with high 
resistance to abrasion and tempering. The chemical composition of both materials is shown in Table 1. 

Table 1 Chemical composition of the materials used  

 Strip - Steel 30 (149 HB) 

Element C Mn Si Cr Ni P Mo V S 

 

Range 
(wt%) 

0.27-
0.35 

0.50-
0.80 

0.17-
0.35 

Max 
0.25 

Max 
0.25 

Max 
0.04 

- - Max 
0.04 

Tool - Steel NC6 (60 HRC) 

1.30-
1.45 

0.40-
0.70 

0.15-
0.40 

1.30-
1.65 

Max 
0.35 

Max 
0.03 

Max 
0.20 

0.10-
0.25 

Max 
0.03 

2.2. Creation of build-ups 

The process of the formation of the built-up edge of steel 30 was carried out on a machine for the galling 
phenomenon, the diagram of which is shown in Figure 1a.  

The steel 30 band -1 is guided by the roller -2 and pressed by the roller -3, against the drive pulley -4, which 
gives it a constant speed of V = 1 m / s. The strip is resistively heated in the section between the driving roller 
and the slider -5. The tool -6 is temporarily pressed against the strip by means of the knee system -7 during 
one revolution of the wheel -8. The pressing force is sufficient to plasticize the strip and temporarily carry out 
the drawing process in dry friction condition, which results in the formation of built-up edge. The temperature 
of the moving is regulated by a step change in the voltage of the transformer, which heats up to 450, 530, 620, 
740, or 870 °C. A number of tests were carried out on the basis of which it was found that the largest deposits 
are formed at the temperature of 620 °C. The friction path of the NC6 tool on the steel strip 30 in this process 
is 35 mm. 
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Figure 1 Experimental tests: (a) scheme of the build-up stand - description in the text, (b) dimensions of the 
tool and (c) strip, (d) view of the tool cross-section with built-up edge, (e) view of the ground surface of the 

build-up with marked measurement places  

2.3. Rolling process off the strip 

As delivered, the strip was subjected to extreme cold rolling to determine the degree of hardening that can be 
achieved. The strip was thinned to a thickness of 0.08 mm, achieving the equivalent deformation ε = 2.  

2.4. Heat treatment - annealing 

On the basis of preliminary tests, the annealing of the build-up was started at the temperature of 400 °C, and 
then the temperature was increased successively by 50 °C. The build-up was annealed in a vacuum furnace 
for 1 hour at the following temperatures: 400, 450, 500, 550, 600 and 650 °C. 

3. THE RESULTS OF THE EXPERIMENTS 

3.1. Microhardness tests 

The built-up surface is very uneven and it is difficult to obtain reliable microhardness results on it. Therefore, 
it was decided to grind the surface to a depth of approx. 20 µm in conditions of increased cooling, eliminating 
the possible influence of the grinding temperature on the hardness. Hardness was measured on its horisontaly 
ground surface (Figure 1e). The results were presented for two samples marked as: Sp. A and Sp. B. The 
graphic interpretation of the hardness test results on the surface of the built-up edge, according to Figure 1d, 
is shown in Figure 2. 

 

Figure 2 Hardness test results after different annealing temperatures: (a), (b) strips; (c) - (o) accretion on the 
upper surface (Figure 1c) 
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This figure also shows the results of the 
strip microhardness test in the delivery 
condition (Figure 2a) and after annealing 
(Figure 2b). The averaged results from the 
tests carried out are presented in Table 2. 
On their basis, a graph (Figure 3) was 
prepared and the recrystallization 
temperature of the build-up material was 
determined at 500 ˚C. Graphical 
interpretation of the hardness test results 
on the ground surface of the built-up edge 
according to Figure 1d is shown in 
Figure 2. This figure also shows the results 
of the strip microhardness test in the 
delivery condition - Figure 2a and after 
annealing - Figure 2b. The averaged 
results from the performed tests are 
presented in Table 2. On their basis, a 
diagram was prepared (Figure 3) and the 
recrystallization temperature of the build-up 
material was determined as 500 ˚C. 

Table 2 Microhardness of annealed build-ups 

Annealing temperaturę (˚C) 400 450 500 550 600 650 

Sp. A    (µHV) 257.7 224.5 190.2 177.6 163.7 155.0 

Sp. B    (µHV) x 215.2 186.0 157.6 146.4 146.3 

3.2. Structural research 

The strip samples and tools with the produced and annealed build-up were cut in a plane perpendicular to the 
contact surface and parallel to the direction of the strip movement. Then metallographic specimens were 
performed. Selected results are shown in Figure 4. In Figures 4b, c, d, the imprints after the microhardness 
test are visible. 

 

Figure 4 Metallographic photos of the sections of: (a) annealed growth at 650 ˚C, (b) strips as delivered, (c) 
strips after rolling, (d) annealed growth - detail A from figure Figure (a)-4 

4. RESULTS ANALYSIS 

The hardness measured on the surface of the steel strip used for the galling process is 155 µHV (Figure 2a). 
On the other hand, the hardness of the same strip annealed at 650˚C is 140 µHV (Figure 2b). This slight 
difference in value indicates that the tape used for the test was weakly strengthened. For comparison this strip 
was subjected in the rolling process to a maximum deformation corresponding to the equivalent deformation  
ε = 2. The hardness of the strip so strengthened (Figure 4c) is 215 µHV (measurement results are omitted). 

Figure 3 The build-up microhardness as a function of 
annealing temperature, the horizontal line shows the strip 
hardness and the vertical line shows the recrystallization 

temperature 
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The build-up after annealing at a temperature of 650˚C has the initial hardness of the strip i.e. 155 µHV 
(Figure 2a). The structure of the steel build-up formed at 620˚C is very disturbed. The mechanism of its 
formation consists in shearing successive layers of material, which are then successively added. The 
mechanism of its formation consists in shearing subsequent layers of material, which are successively added 
while creating the built-up edge. The mechanism is closest to the description of [lit]. Very large plastic 
deformations occur here, causing strengthening and high hardness. Due to the fact that the value of the 
recrystallization temperature decreases with the increase of plastic deformation, a significant decrease in the 
hardness of the annealed build-up was observed already at the temperature of 400˚C (Figure 2e). This is 
related to the heat-activated recovery process. It should be noted that the steel build-up formed at 620˚C has 
a hardness of about 370 µHV (Figure 2d). On the other hand, the same build-up annealed at 600˚C, i.e. at a 
temperature close to the temperature at which it was formed, has a much lower hardness, about 155 µHV 
(Figures 2 l, m), so more than twice less than before the heat treatment process. Such a large difference in 
the hardness of the build-up is the result of the difference in the dynamics of both processes. The formation of 
a build-up is a dynamic process. The structural changes of the edge material occur very quickly. After heating, 
it quickly cools down. As a result of such temperature changes, the structure of build-up becomes supercooled 
and very disturbed. On the other hand, annealing is a static process. The build-up is first heated to an 
appropriate temperature, then kept at this temperature for an hour, and then slowly cooled down. As a result 
of such action, the disturbed growth structure returns to the equilibrium state. Based on the curve from 
Figure 3, it was established that the build-up recrystallization temperature is 500˚C. Metallographic tests of 
the build-up after annealing at the temperature of 650˚C showed that it had a strip structure. Uneven layers 
are visible in the section of the built-up edge (Figure 4a). Hardness measurements have shown that the 
individual layers of the built-up edge have different hardness. The light strip in the middle has a hardness of 
130 µHV. The regions below and above this band have a hardness of 190 µHV. Such a difference in the 
hardness distribution is caused by uneven recrystallization of the build-up. The light strand has a low hardness 
because it has been recrystallized to a greater extent. This means that this part of the build-up was more 
deformed and this band recrystallized faster. As the built-up edge builds up, there is a visible increase in its 
angle. Figure 4a shows the build-up divided into four sectors. Built-up edge begins in part 1. with a point joining 
the steel 30 strip with a tool made of NC6 steel, and then builds up over a distance of 250 µm at an angle of 
9.8°. The built-up edge then reaches a thickness of 33 µm. In sector 2, on the section of 315 µm, there is a 
clear increase in the angle, which amounts to 13.8˚. In this part, the growth reaches a thickness of 100 µm. In 
sector 3. the build-up intensity decreases, the angle decreases to 10.9˚. On the path of 325 µm, the built-up 
thickness increases to 155 µm. In sector 4. the angle of rise is small. In the final part, the build-up is 165 µm 
thick. This nature of the changes is mainly caused by the formation of a groove in the tape, in the contact zone 
of both materials. The second reason for the gradual increase in the thickness of the built-up edge is the 
curvature of the sample. Both of these causes reduce the normal pressure at the end of the build-up and allow 
it to expand freely.                

5. CONCLUSIONS 

The conducted tests of annealing of the built-up edge formed as a result of the process of drawing the steel 
strip 30 in the conditions of semi-hot plastic processing of steel, i.e. at the temperature of 620 °C, allow for the 
following conclusions. 

 From the process temperatures available on the bench: 450, 530, 620, 740, or 870 °C, in the conditions 
of drawing the steel 30 strip with the NC6 steel tool in dry friction condition, the greatest tendency to 
galling, i.e. the formation of the largest build-up was observed at the temperature of 620 °C. 

 The recrystallization temperature of the steel build-up resulting from drawing the strip in the conditions 
of warm metal forming of steel (temperature 620 °C) and dry friction is 500 °C. 

 The hardness of the build-up formed at 620 °C is more than 2 times higher than the hardness of the 
annealed build-up at a temperature of 600 °C. 
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 Build-up creation is a dynamic process. After heating, there is a rapid cooling down, as a result of which 
the build-up achieves a very disturbed supercooled structure. 

 The energy stored in the supercooled structure of the build-up during annealing at 400˚C causes a heat-
activated recovery process and a 30 % reduction in hardness. 

 The built-up has a layered structure: the layers of higher hardness alternate border with the layers of 
lower hardness. 
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Abstract 

Condition of a spindle of a machine tool affects not only operation of the machine tool itself, but also, above 
all, the quality of the machining. This paper short explains the terminology and describes the our own research 
used to measure the spindle error movements. This article explains the impact of spindle motion inaccuracies 
on the quality of workpieces and describes the current state and directions of development of the presented 
methods. Our own program written for research using a commercial kit also presented. 

Keywords: Spindle error motions, spindle measurement, interpretation of error motions 

1. INTRODUCTION 

Many factors have an influence on process of machining with machine tools (axis parallelism, positioning 
repeatability, stiffness, precision of measurement system, regulators settings, and others) and they decide 
about workpiece machining precision and quality. Most of measurement methods used for machine tool 
precision testing already exist and are developed but practical observations suggest that machine tool spindle 
state tests are not routine actions in general. Static test (without or with slow spindle rotation) were good 
enough to determine spindle state of conventional machine tools working and it is obvious that they are not 
sufficient in case of modern CNC machines equipped with electrospindles.  

Range of rotation speeds of contemporary electrospindles is even a few times larger than in conventional 
machine tools. Even in big industrial facilities there is no equipment for dynamic spindle testing. This is probably 
a result of the fact that there are few available toolsets dedicated for this purpose, there is no qualified 
diagnostic staff and cost of equipment and software is in practice a barrier for smaller companies. 

Industrial experience shows that spindles - often unfairly - are blamed for problems during workpiece 
machining. Unfortunately - as described earlier - methods and equipment for spindle error movements tests 
during work are not widely spread and are known to just a small group of specialists [1-18].  

2. WORKING SPINDLE MOTIONS 

We understand spindle as a sleeve or cylinder rotating around one axis. Axis is usually understood as a point 
line depicted in machining or assembly technical drawing. In reality spindle is a set of cooperating external and 
internal surfaces, spherical and other, depending on their design which are manufactured with certain 
tolerances and shape and location deviations. Each of cooperating cylindrical surfaces has its own axis, but 
these axes are not the same, they are not even parallel [19].  

In reality, during spindle rotation temporary axis of rotation moves creating curved line surfaces wrapped on 
cylinder or cone and varries from rotation to rotation. Spindle also makes micromoves in radial and axial 
direction and microrotations around axes perpendicular to main spindle axis. Apart from main axis rotation all 
other movements are undesirable and called error movements. Global error movement is a superposition of 
all radial error spindle movements. Its value is the worst possible case which gives an estimation of machine 
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tool spindle state. Value of global error movement consists of error movements connected to angular spindle 
position repeating with every rotation called error synchronous movement as well as error asynchronous 
movement [20]. 

Differentiation of those movements is important because their sources are different. Synchronous error 
movements are connected with spindle rotation speed (spindle angular position). This means that their value 
is the same every revolution in the same angular position. Asynchronous error movements are not connected 
to spindle angular position. They are typically “blurred” on pole chart and they influence the quality of machined 
surface. Despite their sources may be well defined and repetitious they are not synchronized with rotation 
speed, that is their frequency is not a multiplication of spindle rotation frequency. 

3. SPINDLE ERROR MOTIONS MEASUREMENT SET 

Measurements of spindle motions in machine tool diagnostics described in American standard [21] and on its 
bases ISO standard of group 230 [22]. Standards present a series of definitions and recommendations but do 
not describe detailed research methodology especially a way of data collection and analysis. Commercial offer 
of toolsets dedicated to research of error movements is very poor and sets themselves are rather expensive.  

Undesirable micromoves done by spindle have small values usually a few up to - in worst case scenario - a 
dozen or so micrometers. Reference surface used in machine error movements measurements is a precise 
(roundness error less than 0.03 micrometer) spherical or cylindrical pattern fixed in tested spindle. In the 
simplest case error movements in radial and axial directions may be measured with three linear displacement 
sensors (Figure 1a). 

a)  b)  

Figure 1 Spindle error move measurement set with a) three gauges; b) five gauges 

In special cases [23] when we want to measure error rotations around axes perpendicular to main axis we may 
for instance use two additional gauges places in plane parallel to XY plane (Figure 1b). Other elements of 
measurement chain are power supplies and signal amplifiers, DAQ card and computer with software. 

4. SPINDLE TESTS - EXAMPLES 

During conducted research and development work test measurements of error spindle movements were 
conducted for spindles of machine tools in different technical condition. A commercial set for spindle error 
movements was used in conjunction with commercial software purchased with equipment as well as self-made 
software called ABRWS (Analizator Błędnych Ruchów Wrzecion Szybkoobrotowych - in Polish).  

For data acquisition, analysis and result calculation, in this paper work with ABRWS system was described. 
Program ABRWS is own made software developed for a few years. Basing on own experiences software 
usage was extremely simplified and measurement process in done automatically. According to authors only 
few minutes training is enough to use the software. Program interface was designed to present only relevant 
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information on computer display. Measurement results are displayed on-line on screen and written to file. 
Program starting screen is presented in Figure 2.  

Error movements measurement results for rotating spindle are presented in pole chart showing deviations from 
spindle rotation axis in subsequent angular positions casted to sensitive direction (radial) and analyzed 
similarly as chart of roundness deviation for machined workpieces. Chart (left upper corner in Figure 2) 
presents measurement results collected with 2 sensors X and Y in radial direction. Measurement results in 
static coordinate system are plotted in background with grey. Determination of error radial movements is based 
on values of circle radii presenting ideal and real spindle rotary move. Such chart may be subject of further 
analysis that is to calculate total errors synchronous (correlated with rotation) and asynchronous [20]. 

Software was written on LabView programming language and uses standard drivers of measurement cards. 
In menu option named “Configuration” detected measurement card is selected, input channels for the axes 
sensors are set and (optionally) channel for indexing sensor. In program are included measurements of error 
movements done without precise pattern [25].  

 

Figure 2 View of ABRWS program starting screen 

Bottom chart (Figure 2) automatically generated during measurements at different spindle rotation speeds 
allows to conclude for instance which speeds should be avoided during machining in which range tightened 
further measurements, etc. 

Program includes procedure for sensor setting that help operator to set sensors properly in relation to spherical 
pattern. In opposite to commercial software selection of DAQ card parameters is done automatically in 
background. No knowledge on metrology or signal processing in needed. Program automatically recognizes 
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spindle rotation speed and adjusts sampling frequency. Current test results are displayed on screen under 
main menu.  

 

Figure 3 Detailed results screen view (top) for given spindle rotation speed 

Information about spindle state and potential problem causes may be states basing on detailed results 
(Figure 3). The software has much greater analysis capabilities (for example FFT) and is still being developed. 
The authors are able to adapt them to the specific needs of the client. For example, you can connect to a 
database and store data while the state of the spindle changes over time. 

  
a1) b1) 

Figure 4 Pole charts a) machine tool working occasionally, b) working intensively 
 for spindle rotation speed 3200 rpm 
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Presented below examples are connected with tests of a few milling centers in various technical condition. 
Figure 4 present charts for milling center from 1998 being the property of Institute and working occasionally 
with speeds 3200 rpm (a1). For comparison: test results for machine tool of the same production year bought 
from production facility after some years of intense work (b1). 

Interesting results were obtained measuring error movements of spindle speeder mounted in machine tool 
spindle. Because of cutter diameter limitation fixed in spindle instead of spherical pattern, special cylindrical 
pattern was prepared and used (Figure 5a). Main device of spindle speeder is planetary gear and - as it was 
easy to predict - synchronous errors dominate with small values of asynchronous errors (Figure 5b). 

 

 

Figure 5 a) Spindle speeder test workstation; b) screen presenting detailed results for revolution spindle 
speeder - speed 32000 rpm 

Software was tested in industrial measurements. Program is still developed, its capabilities are still widened, 
for instance with tests for grinding spindles where instead of precise pattern sensors measure imprecise 
surface of headstock [23]. Software may make measures taking into account temperature changes and its 
influence on error movements. Option with use of two sphere pattern and 5 sensors was prepared. Program 
authors are sure of properness of used algorithms and methodology of measurements. Authors are prepared 
to adjust program even to non-standard users’ needs. Program reports may be individually adjusted to needs 
of ordering company. Cooperation with database in planned in near future. 

5. SUMMARY 

Tests of spindle error movements as one of diagnostic tests for machine tools are not done as standard. In 
industry only when problems with keeping wanted machining quality appear such tests are wanted. Most 
maintenance engineers understand that it is more beneficial to prevent malfunctions making diagnostic tests 
which later remove results of invalid machine tool work. But not everyone knows that there is quick and simple 
way to diagnose current spindle. There are ready commercial sets dedicated for error movement tests. 
Available research equipment has very highly and well thought out on design and ergonomics. However 
commercial software required a lot of knowledge and experience on metrology, data acquisition and data 
processing. Small number of research centers deals with dynamic spindle tests. Needed specialist knowledge 
and expensive measurement equipment are source of monopoly of a few companies on worlds market. In 
practice until now there was no way to compare test results done with commercial set. Pole charts, generated 
basing on calculations from commercial software, are not proper in opinion of authors of this paper. 
Nevertheless, they may be useful for spindle diagnostics. Change of spindle state will be reflected in values 
calculated by program. 
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Own software and algorithms used in it fairly more precisely calculate values of spindle error movements. 
Software work totally automatically selecting measurement card setting according to real rotation spindle 
speed. In practice mean educated technical may make measurements on its own. 

It should be however emphasized that tests of spindle error movements are done on unloaded machine tool - 
when there are no cutting forces and torques. Test result does not include for example stiffness of machine 
tool, clearances on slide or axial spindle clearances. 
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Abstract  

Steel wire ropes are lifting equipments used in many areas such as fishing, mining, oil&gas, construction and 
marine. Steel wire ropes, which stand out with their high lifting capacity and optimum elongation, can be 
produced in different properties and constructions. Steel wire ropes with impregnated plastic core are used in 
special cranes where high breaking load is required, in harbour cranes with corrosive effects and in the mining 
industry where there is pollution. These ropes are generally preferred with a diameter of 16-56 mm and can 
be produced as 6 stranded, 8 stranded and multiple stranded (i.e 34 x 7, 35 x 7, 40 x 7 etc.). Multiple stranded 
ropes are characterized as rotational resistant and are preferred in high-level applications. In this study; the 
bending fatigue, breaking load and corrosion performance of steel wire ropes with impregnated plastic 
core(EPIWRC) was investigated. The tensile tests, corrosion tests and bending fatigue tests of the rope with 
8 x 26WS construction used in the study were performed and the parameters affecting the fatigue life of the 
ropes were determined.  As a result of the tensile tests, it was determined that the steel wire ropes with 
impregnated plastic core have 10 % higher breaking load than the steel wire ropes with independent wire rope 
core. It has been observed that the plastic coating significantly protects the steel core of the rope from corrosion 
and friction and reduces wire breakage. It has been determined that the decrease in the number of wire 
breakages and the minimization of the friction contacts increase the fatigue life of the rope. This study includes 
experimental data on steel wire ropes.  

Keywords: Steel wire rope, bending fatigue, friction and wear, corrosion 

1. INTRODUCTION 

Steel wire ropes are lifting equipment produced by using high carbon pearlitic steel wire rods. Steel wire ropes 
are used in many areas of industry and are preferred especially in elevator systems, fishing boats, harbor 
cranes, oil drilling lines and mining equipment [1]. 

Depending on the application of use, steel wire 
ropes can be produced as fiber core (FC), 
independent wire rope core (IWRC) and wire strand 
core (WSC). While fiber core ropes are preferred in 
areas where flexibility and extension capability are 
required, independent wire rope core and wire 
strand core ropes are preferred in applications 
requiring high breaking load. Core types used in 
steel wire ropes are given in Figure 1. 

Steel wire ropes are produced in different strand 
constructions. Wire ropes have different strand 

Figure 1 Core types of steel wire ropes; a) FC, 
b) WSC, c) IWRC [2] 
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constructions, these structures are named as standard, warrington, seale, filler, seale-filler and warrington-
seale according to the production variable [3]. 

After the formation of rope constructions in historical development, sectoral demands have increased and 
special rope designs with high breaking load and service life have been studied. For high breaking load and 
service life in steel wire ropes, areas such as wire strength, rope construction, additional lubricant and 
structural protectors have been studied. 

With the experience gained in the past in historical studies, a standard named "ISO 4309-Cranes-Wire ropes-
Care and maintenance, Inspection and discard" has been established to determine the service life of ropes. 
Historical experiences and this standard are used in scientific studies.  

Suh and Chang [4] investigated the axial fatigue behavior of suspension ropes used in suspension bridges. 
Variable test parameters were determined as strain, strain range and sample length. According to the findings 
obtained as a result of the study; It has been determined that the wire fractures experienced occur as a result 
of fatigue at the wear points where the outer strands come into contact, the amount of stress significantly 
affects the fatigue life. It was revealed that the decrease in fatigue life as a result of the increase in the sample 
size was inconsistent with the previous studies and therefore the tests should be repeated. It has been found 
that the stress range reveals a significant life change and confirms that conventional S-N curves can be used 
in the design. 

Zhang and Qiang [5] experimentally investigated the effects of contact wear on bending fatigue life in steel 
wire ropes used in coal mines. In the experiment, tests were carried out using an elastic swing test device. In 
the results of working; It has been determined that the friction at the contact points decreases depending on 
the load and is fixed after a certain point, and the abrasion depth increases depending on the friction time and 
contact tension. It has been verified by SEM analysis that the notch formed in the friction areas progresses 
and causes fatigue fractures and directly affects the fatigue life. 

Onur and İmrak [6] examined theoretically and experimentally the fatigue performance of steel wire rope with 
10 mm diameter and 6x36WS construction on sheaves. Rope life was calculated by Feyrer's theoretical 
estimation method. As a result of the study, it was determined that as the breaking load increases and the 
pulley diameter decreases, the life of the rope decreases. The theoretical results calculated with the Feyrer 
Approach Method are consistent with the experimental results. 

The aim of the study is to examine the effect of coating on rope strength, bending fatigue life and corrosion 
behavior in ropes with essence plastic filled. In the study, tensile, corrosion and bending fatigue tests will be 
applied to IWRC and EPIWRC steel wire ropes. 

2. EXPERIMENTAL DETAILS 

For the study, an independent wire rope core(IWRC) and impregnated plastic core(EPIWRC) ropes of 8x26WS 
construction with a diameter of 22 mm, wire strength of 1960 MPa was used. Detailed information about the 
samples is given in Table 1.  

Table 1 Sample Information to be used in the study 

Sample No Diameter 
(mm) 

Construction Tensile Grade 
MPa 

Core Type Core Construction Lay Ratio 

1 22 8 x 26WS 1960 IWRC 7x7 6.50 

2 22 8 x 26WS 1960 EPIWRC 6x17S 6.50 
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2D and 3D designs were made in the Solidworks program for the visual verification and the control of the 
contact areas of the samples to be produced. 2D and 3D drawings of Sample 1 and Sample 2 are given in 
Figure 2.  

 

Figure 2 2D and 3D designs; a)Sample 1(IWRC) b)Sample 2(EPIWRC) 

For the tensile tests, 1.20 meters samples were taken from the produced steel wire ropes. Both ends of the 
samples are terminated with a zinc head. Tensile tests were carried out according to EN 12385-1. 

Corrosion tests were carried out in a cyclic test cabinet according to ASTM B-117. For the tests, 0.50 meter 
samples were cut from steel wire ropes and placed in the test cabinet simultaneously. The test was continued 
until red rust formed in both samples. At the end of the test, the surfaces of the samples and the corrosion 
condition of the independent wire rope core(IWRC) and impregnated plastic core(EPIWRC) were examined. 

Bending fatigue tests are performed on devices specially designed for steel wire ropes. Ropes mounted on 
the test device consisting of one drive sheave and one test sheave are subjected to cyclic motion. The test is 
completed when reference values such as diameter reduction and number of wire breaks in the ISO 4309 
standard are reached. The bending fatigue test principle is given in Figure 3. 

 

Figure 3 Test Principle of Bending Fatigue Test 
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3. RESULTS AND DISCUSSION 

Three tensile tests were carried out on independent wire rope core(IWRC) and impregnated plastic 
core(EPIWRC) steel wire ropes. Tensile test diagrams are given in Figure 4 and detailed test results are given 
in Table 2.  

 

Figure 4 Tensile test diagrams of all samples 

Table 2 Tensile test results of all samples 

Sample No 
Breaking 
Load(Fm) 

kN 

Elasticity 
Modulus (E) 

GPa 

Elongation 
% 

Average 
Breaking 
Load(Fm) 

kN 

Average 
Elasticity 

Modulus (E) 
GPa 

Average 
Elongation 

% 

Sample 1-1 382 100 2.5 

380 

 

97 

 

2.3 Sample 1-2 375 99 2.4 

Sample 1-3 383 92 2.2 

Sample 2-1 409 103 2.7 

415 

 

104 

 

2.7 Sample 2-2 419 107 2.6 

Sample 2-3 417 101 2.7 
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As a result of the tensile tests, it was determined that the average breaking load with independent wire rope 
core(IWRC) was 380 kN and the average breaking load with impregnated plastic core(EPIWRC) was 416 kN. 
According to the results, it was determined that the ropes with plastic impregnated core(EPIWRC) had 10 % 
higher breaking load. When the elasticity modulus and elongation results were examined, it was seen that the 
ropes showed similar properties. 

Bending fatigue tests were performed on the samples. Test parameters and details of their results are given 
in Table 3. Test results were made in a theoretical and ideal setup. In physical applications, these values may 
not be reached due to load distribution, usage and equipment condition. According to the test results, ropes 
with impregnated plastic core(EPIWRC) theoretically have 40 % of higher service life in tests. 

Table 3 Bending fatigue test parameters and results 

Sample No 
Diameter 

(mm) 
Core Type 

Breaking Load(Fm) 
kN 

Load Level 
Number of 

Bending Cycles 

Sample 1 22 IWRC 382 20 % (Safety Factor 5) 38.868 

Sample 2 22 EPIWRC 417 20 % (Safety Factor 5) 56.833 

The samples were tested for 1000 hours of corrosion. The samples placed in the corrosion cabinet in the area 
where equivalent effects occurred were tested for 1000 hours and controls were carried out every 24 hours. 
The times of white and red rust in the samples are given in Table 4. 

Table 4 Corrosion Test Parameters and Results 

Sample No Diameter 
(mm) 

Core Type Test Period 
h 

White Rust 
Period 

h 

Red Rust 
Period 

h 

Sample 1 22 IWRC 1000 380 540 

Sample 2 22 EPIWRC 1000 460 690 

 

Figure 5 Visual conditions of steel wire rope samples and steel cores; a) Sample 1(IWRC), b) Sample 
2(EPIWRC) 
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After 1000 hours, the outer strands of the samples taken out of the test cabinet were opened and the core 
conditions of the ropes were checked. Images of samples and steel cores are given in Figure 5. In the 
examination, it has been observed that internal corrosion is much higher in independent wire rope core(IWRC) 
ropes and the coating protects the visual conditions of ropes significantly in impregnated plastic core(EPIWRC) 
ropes. In addition, it has been determined that white and red rust formation occurs later in ropes with 
impregnated plastic core(EPIWRC) compared to independent wire rope core(IWRC). 

4. CONCLUSION 

Rope production is a complex process. With the development in the steel rope industry, it became possible to 
produce ropes with a longer life and higher strength. In the study, the breaking load, bending fatigue life and 
corrosion performances of independent wire rope core(IWRC) and impregnated plastic core(EPIWRC) ropes 
were investigated. As a result of the study, it was determined that impregnated plastic core(EPIWRC) ropes 
provide 10 % of higher strength and 40 % of higher fatigue resistance compared to independent wire rope 
core(IWRC) ropes. When the corrosion tests were examined, it was determined that white and red rust 
formation was seen later in impregnated plastic core(EPIWRC) ropes and the steel core was significantly 
protected from corrosion. Considering all the results, impregnated plastic core(EPIWRC) ropes can be 
preferred in critical applications where pollution and corrosive effects are intense and high breaking load and 
service life are required. 
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Abstract 

The microstructure of steels after mechanical polishing is revealed only by the application of a suitable etchant. 
To achieve adequate optical or electron microscope images, the specimen surface must be free of any 
artifacts. Chemical etching can be defined as a controlled corrosion process. The metal of the investigated 
material passes as cations into the etchant solution during the chemical etching reaction. Chemical etching is 
usually performed manually either by immersing the sample in the etchant with simultaneous stirring or by 
swabbing with a lint-free cloth soaked in the etchant. It is also extremely important to debug the process of 
removing the sample from the bath and subsequent cleaning. It is recommended to wash the sample after 
removal from the etchant with water (distilled or demineralized) or alcohol (ethanol, methanol, or isopropyl 
alcohol) and dry it properly (depending on the etchant and the etched material). The main problem with these 
processes is the human factor, which significantly contributes to the already limited repeatability. All operation 
steps must be performed by properly trained personnel in the field of occupational safety because hazardous 
substances are handled. A high manual dexterity is also needed. Training a new employee is a long-term 
process. Moreover, keeping the exact etching time can be a challenge and one second can decide success. 
These problems become more serious in the case of using surface sensitive analytical method, such as a low 
energy scanning electron microscopy, due to the high spatial resolution and extreme surface sensitivity. We 
have developed an apparatus for automatic etching of metallographic samples of purpose to overcome all 
above-mentioned difficulties. The apparatus and results of the first experiments will be presented.  

Keywords: Metallography, chemical etching, automation, SEM, ultrasonic bath 

1. INTRODUCTION 

Many etchants were developed on the basis of empirical methods only with knowledge of the corrosion 
behaviour of the metals. Established etchants usually consist of three components: a corrosive agent (such as 
hydrochloric, sulfuric, acetic, or phosphoric acid), a modifier (such as ethanol or glycerin) that reduces 
ionization, and an oxidizing agent (such as hydrogen peroxide, Fe3+ or Cu2+). One component can perform two 
functions as nitric acid in Nital. Oxygen dissolved in tap water increases the etching rate, so it is always better 
to use distilled water to prepare etchants. The success of etching depends on many factors, such as the order 
in which the substances are mixed, their purity and freshness. If the polished surface is etched upwards, the 
surface can be observed, which allows the process to be stopped at the right time. This procedure is preferred 
for conventional manual etching, especially in the case of the first etching of the unknown effect of an etchant. 
The etching with a polished surface downward is used to minimize settling of reaction products on the surface. 
The sample or the solution is stirred for the same reason. The etching is usually performed by immersion in a 
solution at room temperature. Adhering to the etching time is important to obtain a contrasting image that 
allows distinguish fine details, but it is difficult to control a process that takes a few seconds [1]. It is usually 
not recommended to etch several times, especially for etchants forming stable layers. If the results are 
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unsatisfactory, the samples must be repolished and the process repeated. The process of withdrawing the 
sample from the etchant, as well as washing and drying, must be carefully optimized. There must be no local 
drying of the sample surface between these processes [2]. It is recommended to clean the sample in several 
stages with water or a suitable alcohol after etching (depending on the material and the etchant). It is advisable 
to include washing the sample in an ultrasonic bath in the process. The sample is placed in a beaker of cleaning 
solution in this case. And this beaker is placed in an ultrasonic bath. The use of a beaker guarantees greater 
flexibility. Changing the cleaning solution will be easier and the consumption of the cleaning solution will be 
lower. The cleaning of samples in an ultrasonic bath should not exceed 30 seconds for very soft materials [3]. 
The etching of heterogeneous alloys, which also includes the multiphase TRIP steel investigated in this work, 
emphasizes the surface relief. The individual phases differ in their electrode potential and thus each phase 
also has a different corrosion resistance. The tendency of metals to dissolve in solution depends on their 
position in the electrochemical series. This also applies to chemically differently composed phases, which also 
create potential differences [4]. Different phases dissolve at different rates during the etching process. There 
may be different roughening of the surfaces of the individual phases. Selective etching is more difficult to 
perform successfully because a preferential chemical reaction is required and this problem multiplies with 
multiphase steels. The etching time must be strictly controlled to avoid the overetching. Multiphase steels 
generally have shorter etching times than single phase steels [5]. When observing etched specimen of 
multiphase steels in a light microscope, the cathodic phase emerges from the relief and has a light shade, 
while the anodic phase is embedded in the depth of the sample and may have a rough surface depending on 
the composition of the etchant and the tested sample. The increased roughness of the anodic phase is 
manifested by a darker shade in the light microscope. One of the rules says that the higher the magnification 
planned to observe the structure, the shorter the etching time should be and vice versa [1]. The chemical 
etching remains an empirical method. This results from a number of parameters entering into this process. 
Each specific material and sample need to be approached individually. It is useful to know the history of the 
tested material, which can help us in the preparation itself. It is necessary to focus on the process parameters 
that have the greatest impact and optimize them. The vast majority of these techniques have been developed 
for light microscopy. The scanning electron microscopy requires even more careful preparation. Partial 
automation could solve at least some of these problems. 

2. EXPERIMENTAL TECHNIQUES 

The TRIP steel 0.2C-1.5Si-2Mn sheet of 1.6 mm thick was cut into 9 mm square samples. The samples were 
mechanically ground and polished to a final step with diamond paste of 0.25 µm particles and cooled with 
isopropyl alcohol. The etching, cleaning and drying were performed automatically on the apparatus described 
below. 

An apparatus for automatic etching of metallographic specimens (Figure 1) consists of an aluminium frame 
construction (1) for ensuring accurate mutual position of an ultrasonic bath (3) with a beaker (5) ceramic glass 
holder (4) and a 5-axis robotic arm (6) with a detachable cross tweezers (8) as replacement of a robot end 
effector. Tweezers (8) are mounted via the 3D printed ASA plastic part (9), which is connected to the robotic 
arm’s flange. A specimen (7) is gripped between a tweezers’ jaws. 

To the aluminium frame construction are attached PET-G panels (2) for chemicals splash prevention. Access 
to a PET-G box is provided by a front door that is locked in close position by magnets. In the PET-G panels 
there are laser-cutted holes to attach a rear connector panel and a power socket. A robotic arm control unit 
and a holder for a heat gun are attached to the PET-G panels as well. Specimen is dried by the heat gun (11) 
in this position. Fumes from etching process are extracted from the box by a fume hood. Fume hood is 
connected by PTFE flexible ducting hose, which is attached to the box by a flange (10). 
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Figure 1 Etching apparatus 

The five-axis robotic arm (5DoF) with serial kinematics consists of five rotary axes. The movement is provided 
by intelligent programmable DC actuators using the serial bus protocol. The actuators are controlled by 
a programmable servo controller based on a single-chip ARM STM32 microcomputer. The arm is programmed 
by writing an angle of the rotation of the individual axes at a specific point, the angular range of the axes in the 
servo mode is 240°. The resulting programmed movement is determined by the composition of the partial 
programmed movements between the individual points. The arm moves between the points with a PTP (Point-
To-Point) movement. The speed of movement between points is given by the required travel time in 
milliseconds. 

After a mechanical polishing, the specimen was gripped in the tweezers. Then the tweezers were mounted on 
the robotic arm. In a next step crew member played the ultrasonic bath, closed the door of the safety box, 
switched on the heat gun and via a laptop ran the robotic arm’s program. After an automated process was 
finished, crew member switched off the heat gun, opened the safety box door, stop the ultrasonic bath and 
then he unmounted the tweezers with the specimen. 
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The automated process is driven by a user code and consists of twelve main steps. A robotic arm’s movement 
sequence is displayed in Figure 2: 

 

Figure 2 Robotic arm movement sequence 

1) In this position crew member mount the tweezers with specimen on the arm. 

2) The robotic arm moves from home position to above of the beaker with etchant. 

3) The robotic arm immerses tweezers with specimen to beaker with etchant for specified time. 
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4) The robotic arm is moved above the beaker again. 

5) The position is changed to an upward of the second beaker with a cleaning liquid. 

6) The robotic arm is immersed to the cleaning liquid for specified time. 

7) The robotic arm emerges. 

8) The robotic arm moves above the third beaker with another cleaning liquid. 

9) The robotic arm immerses to the cleaning liquid for specified time. 

10) The robotic arm rises. 

11) The robotic arm moves in a front of the heat gun nozzle for specified time. 

12) The robotic arm returns to the initial position. 

During the immersion arm executes rapid side to side movement. Time of the immersing movement (step 3, 
6 and 9) was 500 ms. Time of the emerging movement was 200 ms. Time of the step 5 and 8 is 200 ms long. 
Time of immersion in the etchant varies according to an experiment setting. Time of immersion in the cleaning 
liquid is 1000 ms in the first cleaning beaker or 3000 ms in the second cleaning beaker. 

The most common etchant for Fe alloys Nital was chosen for a pilot experiment to verify the effect of ultrasound 
on the etching and cleaning process. We used it in the 4 % version. The etching time of 5 s was chosen 
according to previous experiments. In the first case, the ultrasound was turned off during the whole process. 
In the second case, the ultrasound was turned on during the whole process, and in the latter case, it was 
turned on only for the cleaning process. The ultrasound was set to 80 kHz and pulse mode. Methanol was 
chosen as the cleaning liquid. The heat gun was set to 100 °C during drying. 

The specimen surfaces were observed in an UHR SEM Magellan 400 L (Thermofisher Scientific) immediately 
after the preparation. The microscope was operated at 1 keV landing energy of the primary electrons. It secures 
an extremely high surface sensitivity due to short penetration depth of the primary electron beam. The 
micrographs created by the secondary and back-scattered electrons were collected simultaneously by a true-
the-lens detector (TLD) and a concentric backscatter electron detector (CBS) situated bellow the pole piece. 
A cathode lens system, i.e. negative biased specimen, secured high detection efficiency at low landing 
energies [6]. 

3. RESULTS AND DISCUSSION 

The SEM micrographs are shown in Figure 3. The immersion time in the etchant 5 s was sufficient to remove 
the deformed layer after mechanical preparation and the secondary phases (i.e. martensite and retained 
austenite) can be distinguished from the ferritic matrix. All samples are without disturbing contamination thanks 
to the optimal setting of apparatus movements. This is also achieved by using tweezers as a sample holder, 
where the liquid does not stick in the folds and crevices. The TLD and the CBS micrographs taken at an impact 
energy of 1 keV show that the use of ultrasound in the etching process seems inappropriate (c). Chemical 
attack by the etchant in conjunction with ultrasonic cavitation results in the increase of dissolution rate of the 
matrix, inhomogeneous etching and the formation of microporosity. Without the use of ultrasound (a), these 
problems do not occur and we are closest to the conditions of classical manual etching, however, with the 
advantage of repeatability of movements and a precisely determined time in the order of fractions of a second. 
The use of ultrasound only for cleaning after the etching process (b) seems to be promising. The surface of 
the matrix and secondary phases is clean without disturbing artifacts. In BSE images acquired by the CBS 
detector, it is only possible to observe artifacts as remains of scratches on the martensitic phase emerging 
from the matrix. However, these artifacts are caused by previous mechanical preparation and not by etching. 
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Figure 3 The effect of ultrasound on the etching and cleaning process. The SEM micrographs of the TRIP 
steel specimen automatically etched in Nital for 5 sec obtained at 1 keV landing energy of the primary beam 

with the TLD and the CBS detector.  

4. CONCLUSION 

Automated chemical etching was applied on the metallographic samples of TRIP steel. Repeatability was 
ensured thanks to automated etching, cleaning and drying of the samples. This is difficult to achieve in 
conventional metallography. Keeping the exact etching time in the order of a fraction of a second is almost 
impossible by the manual method. The repeatability and validity of the experiments are therefore very low. The 
apparatus fulfilled its purpose and the suitability of including the ultrasonic bath in the etching process was 
verified. It is not advisable to use switched on ultrasound during etching. The cavitation occurs and the 
uniformity of etching decreases. It is advisable to turn on the ultrasound only during the cleaning process. Only 
one basic etchant and one time were used in this experiment. To fully exploit the potential of the device, further 
experiments with different etchants and times are planned for the future. 
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Abstract 

The objective of the study is to evaluate the effects of severe plastic deformation (SPD) and annealing on 
creep behaviour of advanced tungsten modified creep-resistant 9 % Cr martensitic P92 steel. The as-received 
P92 steel was deformed by high-pressure torsion (HTP), high-pressure sliding (HPS) and rotary swaging (RS) 
at room temperature prior creep testing. These SPD methods imposed significantly different equivalent plastic 
strain in the range from 1 up to 20. Constant load creep tests in tension were performed in an argon 
atmosphere at 873  K and applied stress ranging from 50 to 200 MPa. The microstructure and phase 
composition of P92 steel were studied using a scanning electron microscope Tescan Lyra 3 and a transmission 
electron microscope Jeol 2100F. 

The results show that under the same creep loading conditions the HPT and HPS-processed P92 steel 
exhibited significantly faster minimum creep rates, creep fracture strain and the decrease in the value of the 
stress exponent of the creep rate in comparison with as-received P92 steel. However, it was revealed that the 
RS-processed specimens exhibited one order of magnitude lower minimum creep rate and lower ductility 
compared to commercial P92 steel. 

The creep curves for the HPT and HPS-processed states exhibited a pronounced minimum of strain rate. The 
pronounced minimum of strain rate disappeared when these states were annealed at 923K/500h before 
application of creep loading. The microstructure changes occurring during creep and different creep behaviour 
between as-received and deformed states are discussed.  

Keywords: Creep-resistant 9 %Cr steels, severe plastic deformation, creep, microstructure 

1. INTRODUCTION 

Many methods of severe plastic deformation (SPD) are known at present time, e.g. high pressure torsion 
(HPT), equal-channel angular pressing (ECAP), high-pressure sliding (HPS), rotary swaging (RS), etc. Due to 
the rapid development in this area, new methods based on SPD are emerging, which are characterized by 
higher efficiency of the stored strain and a larger volume of processed material. As for specific examples, the 
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recently developed methods of twist channel (multi-)angular pressing (TCAP and TCMAP), continuous high 
pressure torsion (CHPT) and dissimilar channel angular pressing (DCAP) can be mentioned [1-3].  

Creep of SPD-processed materials with ultra-fine grained (UFG) microstructure was frequently investigated 
on pure metals and alloys [4]. It is generally accepted that the grain size and thus number of high-angle grain 
boundaries (HAGBs) are one of the key parameters which significantly influence creep behaviour of SPD 
materials. From this reason the reduction of grain size down to UFG region leads to the greater influence of 
grain boundary-mediated mechanisms on creep behaviour compared to coarse-grained counterparts. At 
present time there are only a few reports [5] in the literature documenting the creep behaviour in creep-resistant 
9 % Cr steels processed by SPD. Further, it was also observed that the application of SPD accelerates the 
phase precipitation of Laves or σ phase in creep-resistant chromium steels. The aim of present work is to 
investigate the effect of various SPD processing methods and post-deformation ageing on creep resistance 
and creep fracture strain in P92 steel.  

2. EXPERIMENTAL METHODS AND PROCEDURES 

The experiments were conducted on advanced tungsten modified 9%Cr P92 steel [6,7] both on its as-received 
coarse-grained (CG) state and on state processed by SPD applications. The SPD states of P92 steel were 
prepared by deformation of the as-received state using methods HPT, HPS and RS.  

HPT technique is based on deformation of a flat disc specimen by torsion straining under high pressure. An 
extremely large strain can be imposed into the material by increasing number of HPT rotations. The discs of 
1.1 mm thickness and 30 mm diameter were cut from as-received state. Further, the discs were processed at 
room temperature by 1 rotation under an applied pressure of 6 GPa and using rotation speed of 0.1 mm per 
second. The value of von Mises equivalent strain during HPT process is proportional to the radius of the disc 
according to the following equation [8]: 

��� � 2���/√3�                                                                                                                                                (1) 

where r is the distance from the disc centre, N is the number of turns and t is the thickness of disc. The sheets 
with dimensions of 1.1 mm x 10 mm x 100 mm were deformed by HPS technique. HPS process was 
developed for microstructure refinement in sheets or rods. The specimens were placed between the upper 
(lower) anvil and the plunger was pushed with respect to the anvils while the samples were pressed. The 
plunger was pushed with respect to the surrounding anvils for the distance of 5 and 15 mm. The equivalent 
strain introduced with HPS process is given by the form as [8]: 

 ��� � /√3�                                                                                                                                                     (2) 

where x is the sliding length and t is the sample thickness. HPS specimens processed with a certain sliding 
distance x were denoted as xHPS (e.g. 5HPS - sliding distance x = 5 mm). 

RS method was used for microstructure refinement of the rods. The rod with initial diameter (D0) is put into 
four split die which rotates. The die opens and closes very quickly so that D0 is quickly reduced to final diameter 
(Dn) by means of forging. The equivalent strain imposed by RS [9] was estimated by: 

 ��� � ln ���/����                                                                                                                                            (3)  

where D0 ~ 30 mm was reduced down to Dn ~ 15 mm after application of RS at room temperature. Table 1 
shows the values of equivalent strain imposed to the specimens by selected methods of SPD. 

Table 1 The values of εeq imposed by selected methods of SPD 

Method of SPD RS 5HPS 15HPS 2x15HPS HPT 

εeq 1.4 2.6 7.9 15.8 25±5 
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The tensile creep tests were performed at 873 K on the above mentioned specimens processed by different 
degree of plastic deformation. For comparison, the tests were also conducted on as-received state. Creep 
testing was conducted in an environment of purified argon with the testing temperatures maintained ±0.5 K 
around the desired value.  

3. RESULTS  

Influence of imposed strain on creep behaviour 

The comparison of the creep curves for strain vs. time and strain rate vs. strain for P92 processed with different 
imposed εeq are shown in Figure 1. The creep behaviour of SPD-processed specimens changes significantly 
with increasing value of imposed εeq. 

For this reason it is difficult to compare the creep properties of all investigated states at the same applied 
stress. Thus Figure 1 shows the creep result measured at 100 MPa for the specimens with imposed strain 
between 2.6-25 ± 5 and at 150 MPa for CG and RS state with εeq ~ 1.4. One can see that CG state exhibits 
the highest creep resistance and that the creep resistance decreases with increasing imposed εeq (Figure 1a). 
The specimens with εeq higher than ~ 8 exhibited more or less similar creep resistance.  

 

 

a) 

 

  

b) 
Figure 1 Comparison of creep curves for samples with different imposed strain (a) strain vs. time, 

(b) strain rate vs. strain 

Figure 1b demonstrates that RS state exhibited the slowest minimum creep rate ����� but also the shortest 
strain to fracture εf in comparison with CG and other SPD-processed states. However, ����� is significantly 
faster in specimens processed by εeq higher than 2. The specimens with εeq higher than 8 exhibited more or 
less similar εf and �����. 

Influence of post-deformation annealing on creep behaviour  

Figure 2 shows the comparison of creep behaviour of CG and 15HPS state with their annealed counterparts. 
One can see that the annealing at 923 K for 500 h led to the faster ����� both CG and 15HPS state and to the 
deterioration of creep resistance (Figure 2a).  
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a) 

 

b)  

Figure 2 Influence of annealing on creep of CG and 15HPS state (a) strain rate vs. time,  
(b) strain rate vs. strain 

The results also demonstrate that the annealing provides negligible influence on εf in CG state (Figure 2b) 
with comparison of significantly improved εf in 15HPS state. It is seen (Figures 2, 3) that the annealing of HPS 
state changes not only creep characteristics (such as ����� or tf) but also the shapes of the creep curves. The 
15HPS state exhibited a pronounced ����� where the strengthening occurring during primary creep stage is 
followed by sudden softening (increase of strain rate) after reaching of �����. Such feature was not found in 
HPS state after annealing. At higher creep strains (ε > 0.1) the creep curves (Figure 3a) for HPS and its 
annealed counterpart become more or less similar.  

One can observe that ����� is less pronounced at lower stresses and the differences in ����� for HPS and its 
annealed counterpart decreases. Figure 3b demonstrates that the differences in tf for HPS and its annealed 
counterpart also decrease. The creep resistance of HPS state after annealing was about 0.6 tf of unannealed 
HPS state at 80 MPa. However, at applied stress of 150 MPa, the ratio for annealed/unannealed HPS state 
was about 0.2 tf only.  

4. DISCUSSION  

Creep resistance of tempered martensitic P92 steel is predominantly influenced by dislocation density, 
subgrain and martensitic lath boundaries which movement can be restricted by carbides and also secondary 
phases formed during thermal exposure [10]. However, the creep resistance of CG P92 steel at 873 K 
subsequently decreases with increasing value of imposed εeq. This is consequence of the transformation of 
CG to UFG microstructure. The martensitic boundaries (111 / 60°) and newly formed low-angle grain 
boundaries (LAGBs) in P92 steel are subsequently transformed with increasing εeq to the new grain boundaries 
with random misorientation distribution [5]. The decrease of creep resistance in SPD-processed state of P92 
steel could be explained by change in the proportion and distance of LAGBs and high-angle gran boundaries 
(HAGBs) [11]. This microstructure changes led to the higher influence of grain-boundary mediated processes 
such as grain boundary sliding [12], more intensive and fast diffusion processes [13,14] or enhanced dynamic 
recovery by HAGBs [15] on creep behaviour. The RS-processed state exhibited slower ����� (higher creep 
strength) than CG P92 steel. But creep resistance of RS state was lower compared to CG state. The creep 
results (Figure 1) suggest that it is due to low creep strain. Recently it was found that RS state contains 
significantly heterogeneous microstructure with large elongated and fine more or less equiaxed grains. It 
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seems that the formation of heterogeneous grain microstructure and maybe heterogeneous distribution of 
precipitates in RS state led to the earlier occurrence of fracture processes during tensile testing compared to 
CG and other SPD-processed states. We can speculate that opposite results in creep resistances for CG and 
RS states may be found in compression creep tests at constant stress due to absence of fracture. Actually, 
the differences in creep behaviour for tensile and compression tests were found in pure Cu processed by 
ECAP [4].  

 
a) 

 
b) 

Figure 3 Comparison of creep behaviour for unannealed and annealed 15HPS samples (a) strain rate vs. 
strain, (b) strain rate vs. time 

The creep curves of 15HPS state exhibited a pronounced ����� which can be explained by the formation of fine 
Laves phase leading to the additional precipitation strengthening [16,17]. The fast increase of strain rate after 
reaching of ����� can be associated with subsequent coarsening of Laves phase and grain coarsening due to 
the decrease of the pinning effect of particles at boundaries. The coarsening of Laves phase, other carbides 
and subgrains/grains during annealing at 923 K for 500 h before creep loading can be also the reason for the 
decrease of creep resistance in 15HPS and also CG state.  

5. CONCLUSIONS 

The application of SPD leads to the decrease of the creep resistance in tension. HPS and HPT-processed 
specimens with εeq higher than about 2.6 exhibit the significant improvement of strain to fracture. However the 
application of RS with εeq about 1.4 caused the decrease of strain to fracture compared to CG state. The stress-
free annealing at 923 K for 500 h led to the significant decrease of creep resistance of 15HPS state and caused 
also slight decrease of tf in CG state.  
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Abstract 

In power plants, special concerns from the point of view of destruction are caused by parts rotating at high 
frequencies, especially metal-consuming and highly loaded shafts of turbo-machines. When analyzing data on 
the interaction of the most dangerous metallurgical defects - cracks - the concept of “relative size” of a defect 
(RDS) is used, which is the ratio of half of the total size of defects to the distance between their centers. The 
available recommendations for problems of various classes are not always unambiguous, which leads to an 
overestimation of the stress intensity factor (SIF) by approximately 1.5 times. To assess the influence of 
interacting defects, it was proposed to use a specially obtained function, which is a correction function for 
determining the stress intensity factor and is determined experimentally using the photo-elasticity method. A 
special correction function (SPF) depends on the geometric parameters of the model, cracks and their location 
in the body of the model. In the case of pairs of defects of the same type and their identical sizes, the 
parameters of the SPF are a characteristic of the interaction between defects. The procedure for the photo-
elastic determination of the SIF is described in detail, and the experimental dependences of the SIF for the 
characteristic points of interacting defects are presented. Cases with the RDS from 0 to 0.77 were considered. 
The characteristic values are determined, which make it possible to obtain three ranges of RDS for internal 
and surface interacting defects. Experimental dependences of the SPF on the RDS are obtained for internal, 
surface, and surface-internal interacting defects. 

Keywords: Photo-elasticity method, internal defect, surface defect, multiple defect, stress intensity factor 

1. INTRODUCTION 

Calculation and experimental methods male it possible to determine the degree of danger of single crack-like 
defects and take into account their influence in the calculations of parts of strength [1,2]. 

At the same time, the question of the accumulation of defects, when their interaction can enhance the negative 
effect on the structural strength of parts, has not been studied enough [3-6]. 

When analyzing data on the interaction of the most dangerous metallurgical defects - cracks - the concept of 
“relative size” of a defect λ is used, which is the ratio of half of the total size of defects to the distance between 
their centers [7]. 

Currently, there are a number of recommendations for problems of various classes, according to which defects 
are considered to be interacting at � ≥ 0.2 ... 0.5, and combined - at � < 0.2 ... 0.5 [7-10]. 

In other words, the available recommendations are in rather wide range and are not always unambiguous. For 
example, in one work [8] it is proposed to combine round collinear cracks at λ > 0.67, and in another [9] this 
recommendation is considered overly conservative. In the opinion of the authors of [9], the stress intensity 
factor (SIF) in this case is overestimated by approximately one and a half times, which is why they propose to 
consider the cracks united at � > 0.9. 
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2. ANALYSIS OF EXPERIMENTS 

The [9] details the method of photo-elastic definition of SIF (Figure 1) and provides experimental dependencies 
for points A and B of interacting defects (Figure 2). To assess the impact of the interacting defects, it is 
proposed to use the experimentally obtained function f [10]. 

 

Figure 1 Isochromes on cuts from “frozen” when rotating models of shafts 

 

Figure 2 The effect of interaction: a - for internal defects; b - for surface defects 

In a monotonous change of �, the interaction processes between defects differ. Thus, with the increase of � 
from 0 to its some value ��, there is almost no interaction. The strength of the body in this case is determined 
by the size of the defects. 

As the � increases (from �� to some value ��) a noticeable interaction of defects happens. The strength of the 
body herewith depends on the size of the defects and the effects of interaction. 

When � � ��  the effects of the interaction become more intense and the strength of the body is determined 
not by the size of the initial defects and the effect of interaction, but by the size of the integral defect. According 
to the results of experiments obtained on epoxy samples and models of shafts of machines with similar types 
of defects, if the magnitude of the integral defect exceeds its critical size (for current stresses), after the 
destruction of the jumper there is a non-stop avalanche-like destruction of the sample or part. In other cases, 
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when � �  �� … 1, there is three-stage destruction: the destruction of the jumper, the rise of stresses to the 
critical value, the final fragile destruction. 

3. METHOD OF ASSESSING THE IMPACT OF DEFECT INTERACTION 

The maximum values of SIF of interacting defects, marked at point A, can be imagined as 

 !"��� � #�� ⋅ %�&
' ⋅ (!) ⋅ (!*���,             (1) 

where: 

# - nominal stress 

% - round crack radius 

(!) - correction factor for a single round defect in infinite body 

(!*��� - correction factor on the effect of interaction between cracks at point A 

Correction factor (!*��� is determined from the experimental data on the formula 

(!*��� � +,-.�/�
+ ,               (2) 

where (( � (!0 when � 1 0.3) (Figure 3). 

According to the methodology [10], in our case, the value of KI at point A can also be presented with the help 
of a common dependency for an elliptical defect in an infinite plate of constant thickness h on the formula 

 !"��� � �,�5⋅6⋅7
&
'

8�9/&,:;�,<9=�,>9 &
:?@'AB

),CD,             (3) 

The maximum value of SIF on the contour of a newly formed integral defect takes place at point B [9]: 

 !*��� � #�� ⋅ %E�&
' ⋅ (!) ⋅ (E���,             (4) 

where: 

(F��� - correction factor for the ellipticity of the defect at point B 

%E - radius of a round crack equivalent in an area to ellipse-shaped 

The graphic dependence of (E��� is known [10]. In this case 

 !*��� � #G� ⋅ % ⋅ �� ⋅ % H 2I�J&
D ⋅ (!) ⋅ (E���.           (5) 

The  !"��� and  !*��� values defined by dependencies (1), (3), (5) are listed in Figure 4 in relative coordinates. 
Where  !) � #�� ⋅ %��/� ⋅ (!) - SIF for single round crack. 

The parameter �� can be set from the condition  !"��� �  !*���. This value is found based on the accuracy of 
the necessary assessments and the methods used. Thus, multiple defects, depending on the degree of their 
interaction, can be conditionally divided into single (when � K ��), interacting (when �� 1 � 1 ��) and combined 
(when � � ��). 
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Figure 3 Interaction effect: a - for internal defects; b - for surface defects; c - for surface-internal defects 
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Figure 4 SIF dependencies at points A (solid lines) and B (bar lines) from the relative distance between the 

internal distances. Line 1 - experiment, 2, 3 - according to the source [9]. 

4. CONCLUSION 

Experimental data have shown that for internal defects �� � 0.5, �� � 0.77; when 0.5 < λ < 0.77 correction 

factor  !*��� can be defined from graphic dependence a in Figure 2; when � K 0.5 (!* � 1, when � � 0.77 

(!* � 1.39. For surface defects, similarly obtained �� � 0.5, �� � 0.73; when K 0.5 (!* � 1.14; when 0.5 1 � 1
0.73 (!* can be found from graphic dependence b in Figure 2, when � � 0.73 (!* � 1.385. For surface-internal 

interacting defects, the effects of interaction (!* and values of ��,�� are within the limits set for superficial and 
internal defects. 
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Abstract 

As the tendency to lower the mass of welded constructions emerges in the last years, the use of high strength 
steels finds a wide range of applications in industry, namely, in reliable highly loaded welded constructions. 
Following the commonly accepted rules, these steels are suitable for welding. The most used welding methods 
for welding of high strength steels are submerged arc welding and MAG welding. 

The mechanical properties of weldment of high strength steels will depend on several different welding details, 
such as cooling time in the range from 800 to 500 °C - t8/5, the used filler materials, welding protection, etc. 
Nevertheless, data on the influence of joint preparation, and specifically of the weld gap, are limited or absent. 
Joint preparation of high strength steels is typically performed according to EN ISO 9692-1:2013 and EN ISO 
9692-2:2001. When the welding gap differs significantly from the standards recommendations, it is of great 
importance to research and to determine the influence of the weld gap on weldment properties and structure. 

This study introduces the findings on the influence of joint preparation on some mechanical properties of high 
strength steel S700MC weldments produced by submerged arc welding. 

Keywords: High strength steel, mechanical properties, weld structure 

1. INTRODUCTION 

The long-standing efforts for the improvement of the existing steels and the development of new steels result 
in the design and use of high strength steels (HSS) and ultra-high strength steels (UHSS). The need for these 
steels is connected to the modern requirements for constructions’ optimization in terms of low construction 
mass combined with high strength and reliability. High strength steels and ultra-high strength steels are mainly 
used to produce reliable, highly loaded welded constructions working at room and lower temperatures, such 
as bridges, tanks, cranes, pressure vessels, industrial and civil building, pipelines, mining buildings etc. 
[1,2,3,4,5]. 

The heat-treated (normalization) steels are usually with a carbon concentration of about 0.2 mass %, whereas 
the thermomechanically treated (controlled rolling) steels (for instance S700MC) can contain much less carbon 
- from around 0.05 % to 0.15 %. The chemical composition (lower carbon concentration, alloying elements, 
lower impurities’ quantities) and the rolling method used for thermomechanically treated sheets of steel 
(controlled rolling and controlled cooling) ensure good metal deformability and reduce the layered structures 
and impurities bands formation [6,7,8,9]. These steels compared to conventional steels, have better resistance 
to brittle fracture as they show greater impact toughness at room and lower temperatures. 

The rolling of HSS results in grain refinement [5]. Welded constructions of fine-grained steels are susceptible 
to notch effect and even the smallest defects can influence cracks formation and propagation. 

Fine-grained steels are characterized with good weldability using all manual, semi-automatic and automatic 
arc welding processes such as 111, 135, and 121. Nevertheless, welding these steels could impose three 
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main issues, namely: 1) cold cracks formation, 2) brittleness in the grain enlargement zone, and 3) softening 
in the heat-affected zone [3,7]. 

The most advantageous structure to lower the toughness reduction can be formed when welding is performed 
with low linear energy and with preheating (if necessary) in the range 80 … 120С. The temperature between 
the passes should not exceed 200С, and the most appropriate cooling time t8/5 lies in the range of 10 to 25 s. 

Joint preparation of HSS is usually done according to EN ISO 9692 standard. When the root gap does not 
comply with the standard (i. e. when the root gap is the closing part in a weldment), it is important to research 
and determine the role of the root gap.  

This study aims to investigate the effect of the welding gap size on the mechanical properties of but welds of 
high strength steel 700MC made by submerged arc welding. 

1. METHODOLOGY 

In the present work weldments of high strength, fine-grained steel S700MC were produced and tested. The 
steel was manufactured by Voestalpine Stahl GmbH, Austria, as hot-rolled sheets of 8 mm thickness. The 
chemical composition according to the manufacturer is given in Table 1. 

Weldments were made using submerged arc welding with direct current and reverse polarity DC (+). The 
welded parts were with dimensions of 500х150х8 mm, in agreement with ISO 15614-1:2017. 

Table 1 Chemical composition of 700МС (according to the manufacturer) 

Chemical composition, [wt %] 

C Si Mn P S Al Cr Ni Mo Cu V Nb Ti B 

0.065 0.049 1.83 0.006 0.0006 0.051 0.025 0.009 0.002 0.009 0.008 0.049 0.123 0.0002 

Joint preparation was done according to ISO 9692-2:2001 standard. The values of the root gap were different 
from the recommended in ISO 9692-2:2001 standard as the influence of the root gap on the mechanical 
properties was to be researched; thus, the welding was done using welding gaps of 0 mm, 4 mm, 6 mm and 8 
mm. Bevel was done mechanically at an angle of 30° (60° total) without root face. 

The used filler material was a wire of G 69 4 M Mn3Ni1CrMo (ISO 16834:2012, or ER 100S-G according to 
AWS A 5.28) with a diameter of 1.2 mm. The flux was S A AB 1 56 AC H5 (ISO 14174:2019). 

Depending on the value of the root gap, the number of passes changed from two (at root gap of 0 mm) to six 
(at root gap of 8 mm). The current changed from 240 A to 270 A at potentials of 31...32 V. The welding rate 
was in the range of 250...280 mm/min for the root and 120...180 mm/min for the next passes. More details on 
the welding modes can be found in [10]. 

The welding was done in PA position according to EN ISO 6947:2019. The recommendation for a temperature 
difference of 100 С between the weld layers was kept [6]. Eight plates were welded - two for each root gap.  

The hardness of the base metal (BM), of the heat-affect zone (HAZ), and the fusion zone (FZ) was measured 
using the Vickers method with a load of 1 kg (EN ISO 6507-1:2018). 

The weldments were subjected to a tensile test. The tensile test was done according to EN ISO 6892-1:2020 
and EN ISO 4136:2012. The tested pieces were standard, proportional to the original gauge length 
Lo=5.65x√So (EN ISO 6892-1:2020). The gauge length agreed with EN ISO 4136:2020. The dimensions of 
the tested specimens were as follows: a thickness of 8 mm (equal to the thickness of the steel sheet); a width 
of 25 mm; a gauge length of 80 mm. 
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After tensile testing specimens with welding gaps of 4, 6 and 8 mm were etched to reveal their macrostructure 
and to localise the place of fracture. The used solution contained 20.3 g FeCl3, 12.5 ml HCl and dH2O up to 
200 ml.  

Impact toughness was performed according to EN ISO 148-1:2015. The weldments impact toughness was 
determined using standard specimens with a V-shaped notch. The specimens' width was 10 mm, and the 
thickness was 8 mm, equal to that of the steel sheet. The test was performed at a temperature of -40 С. The 
zones where the notch was made were chosen after hardness and tensile testing. 

2. RESULTS AND DISCUSSION 

2.1. Hardness test 

Figure 1 shows the measured hardness values of the weldments with different welding gap. There is a 
concordance between the measured here hardness values and the cited in the specialized literature [6,10,11]. 
The highest hardness was measured in the base metal, while the heat-affected zone was characterized by the 
lowest hardness. 

The juxtaposition of the hardness values of the weldments with a root gap and without root gap in Figure 1 
depicted a tendency towards hardness increase in the heat-affected zone; meanwhile, the hardness of the 
fusion zone (weld metal) was not affected by the absence or presence of a welding gap. This hardness 
distribution is reasonable as the fusion zone hardness is mainly influenced by the filler material and the 
hardness of the heat-affected zone depends on the thermal cycle t8/5.  

 

Figure 1 Influence of the weld gap on the dimensions and hardness of the different zones  
in the weldments 

Figure 1 demonstrates the fact that the differences in welding gap influenced in a bigger extend the dimensions 
of the different zones in the weldments than their hardness. The increase in the root gap led to an increase in 
the dimensions of the fusion zone and to a decrease in the dimensions of the heat-affected zone.  
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2.2. Tensile test 

Table 2 and Table 3 represent the results from the tensile test. The given values are the averages of the 
testing of three specimens. Table 2 shows the mechanical properties of the steel in a delivery state. The values 
from Table 2 were used to find their change (in per cent) after welding and tensile testing, as it is shown in 
Table 3. 

Table 2 Tensile testing results of the base metal in a delivery state 

Base material 
Rp0.2 Rm A5 

MРa % 

S700МC 733 809 19 

As it can be seen in Table 3, the strength and deformation properties of the weldments worsened compared 
to those of the base metal.  

Table 3 Tensile testing results of the weldments 

Mode/welding gap,  
mm 

Rp0.2  Rm A5 
Reduction in the mechanical 
properties of the weldments 

Rp0.2 Rm  A5 

MРa % 
% 

Mode 1 / Welding gap = 0 634 748 10 86.6 92.5 53 

Mode 2 / Welding gap = 4 677 761 5.1 92.4 93.6 27 

Mode 3 / Welding gap = 6 676 786 7.7 92.2 97.4 41 

Mode 4 / Welding gap = 8 668 757 6.4 89.6 93.4 34 

The reduction in the strength characteristics was not greater than 10 % except for yield strength Rp0.2 for the 
weldment without root gap. The decrease in the elongation after fracture was considerable. It reached up to 
27 % (at a root gap of 4 mm) of the elongation in a delivery state. The reduction in plasticity was mainly because 
the plastic deformation was concentrated in the fusion and heat-affected zones, and the fracture occurred 
before the deformation spread over the base metal. 

2.3. Bend test 

Used here bend test can be classified as a technological test. Following the standard for testing of S700MC 
(EN 10149-2), a test piece successfully passes the bend test if no fracture is observed after bending on a 
former with a radius of 2.5t (t - specimen's thickness) at a bending angle of 90º. The bending angle in our 
experiments is no less than 130º. After the bend test, the specimen did not show any marks of fracture neither 
in the root nor in the weld cap. 

2.4. Impact toughness 

Figure 2 shows the macrostructure of the specimens with a root gap of 4, 6 and 8 mm. It is visible that the 
weldment with a welding gap of 4 mm experienced a complex fracture - part of the fracture occurred at the 
heat-affected zone, and the other part - at the boundary between the heat-affected zone and the fusion zone. 
At a welding gap of 6 mm, part of the fracture occurred at the boundary between the heat-affected zone and 
base metal, and some fracture happened at the base metal too.  
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a) 

 
b) 

 
c) 

Figure 2 Macrostructure of specimens after tensile test 

At a welding gap of 8 mm, the fracture occurred entirely at the boundary between the base metal and the heat-
affected zone. After the macrostructural observation, notches for the impact toughness testing were made at 
the fusion zone and the boundary between the heat-affected zone and the base metal, as shown in Figure 3. 

a) b) 

Figure 3 Test piece and location of the V-notch for Charpy pendulum impact test 

The averages of the impact toughness values of the specimens in Figure 3 are shown in Table 4. The base 
metal demonstrated an impact toughness of 270 J/cm2 (173 J / 0.64). 

Table 4 Impact toughness values of the weldments 

Mode Impact toughness KV8 (-40 C), J/cm2 

FZ HAZ/BM boundary 

Welding mode 1 (welding gap 0 mm) 31 43 

Welding mode 2 (welding gap 4 mm) 38 80 

Welding mode 3 (welding gap 6 mm) 28 34 

Welding mode 4 (welding gap 8 mm) 33 43 

The experimentally measured impact toughness values of the weldments indicate a considerable decrease 
after welding, particularly at the fusion zone. These results were expected given the increased values of the 
linear energy. Nevertheless, the measured here values of impact toughness agree with the requirements for 
minimal impact toughness (27 J). 

3. CONCLUSION 

To meet the increased technical demands posed to welding constructions, more deep research on the factors 
that affect the behaviour of high strength steels during welding is necessary. There is a lack of information on 
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the effect of the root gap size on the mechanical properties of weldments of high-strength steels, thus research 
of that kind is a requisite. 

The bend test results make evident that the studied here weldments of 700MC do not demonstrate any signs 
of fracture, regardless of the welding modes and root gap size. 

The fusion zone hardness keeps its high values and is not influenced by the number of welding passes. The 
hardness of the heat-affected zone increases from 231 HV to 246 HV with the increase in the number of 
passes. The highest hardness is measured at the base metal and the lowest at the heat-affected zone. 

Using welding modes with higher linear energy (more than 1 kJ/mm) leads to an increase in productivity at the 
expense of a decrease in plasticity (A5) and impact toughness. The reduction in the strength properties (Rp0.2, 
Rm) is not so pronounced and is around 10 %. 
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Abstract  

In most cases, the components (U-profiles, Ω-profiles, box-beams) are used to validate the material model 
generated from the measurement of individual sheet metal parameters. The validation process consists of 
comparing the resultant force vs displacement from the experiment to the simulation. The loading conditions 
during testing are predominantly chosen based on the final application the material, and a component 
manufactured from it. Taking an example, the U-profiles or Ω-profiles are usually loaded in three-point-bending 
mode, and the so-called box-beams are loaded axially in compression mode. In mechanical testing for 
automotive industry, the application of dynamic loading is necessary for observation of the material behaviour 
under high strain rates. The machine used for this purpose can be a drop weight tower, which is usually 
instrumented by a crosshead displacement measurement and one load cell. However, such an instrumentation 
is insufficient for precise description of the component behaviour during dynamic events. The solution is offered 
by the high-speed 3D DIC measurement of deformation. Nevertheless, there are still many parameters that 
can be obtained from these tests, which can lead to much more accurate validation of the material model. In 
addition to the DIC measurement, a local deformation measurement by means of strain gauges and continuous 
temperature measurement in the notch area were proposed in this study. The result is a complex set of the 
material properties in a given loading conditions.  

Keywords: Material characterization, model validation, steel, dynamic mechanical properties 

1. INTRODUCTION 

Despite some efforts to break down the verification of the FEA model and to rely only on the results of numerical 
simulations, it is still general true that the verification of the model is important at least to a limited extent [1]. 
Nevertheless, this phase should never be overlooked. It is recommended to design the experiment with as 
many boundary conditions as possible, which was limited by the FEA model itself. Properly defined boundary 
conditions and components fracture are always crucial for every model creation [2,3]. An example of the 
model's interactions with boundary conditions is shown in Figure 1. Then, the verification itself is based on the 
correctly defined conditions. If the component is expected to be loaded dynamically, the verification should 
also include dynamic tests. Last but not least, the material parameters obtained at given strain rate and 
temperature [4-6] should also be used as input parameters. 

The use of components (U-profiles, Ω-profiles, box-beams) for verification of material model is practical and 
justified. The main advantages are simple and cheap sample production, even in the case of non-metallic 
materials [7,8]. At the same time, these components allow loading in bending or axial direction. These tests 
are performed either under quasi-static or dynamic conditions. Instrumented Drop Weight Tower (DWT) is 
usually used for dynamic purposes. The current development of optical systems then makes it possible to 
obtain other important material parameters, which may bring another fundamental information in the 
verification process.  
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Figure 1 Variation on the sargent circle showing the verification and validation procedures in a typical fast 
paced design group [6] 

The aim of this article is to present the possibilities of advanced measurement methods on classic Ω-profiles 
using Digital Image Correlation (DIC), strain gauges and thermal camera. The experimental procedure was 
performed on Dual Phase (DP) steels, characterized by ferritic-martensitic microstructure, which are commonly 
used in automotive industry as body panels or bumpers. The advantages of these materials are a high strain 
rate sensitivity, great uniform elongation and fatigue resistance, 

2. STATE OF ART 

The demand of verification of the FEA model appeared together with the development of these sciences in the 
field of aerospace and nuclear engineering. Not surprisingly, the first manual on material verification was 
published in 1987 by the American Nuclear Society [9]. The first comprehensive book on this topic, which is 
still valid today, was written by Dr Roach in 1998 [10]. Dr Roach mentioned here the need for not only for 
verification but also validation of the FEA model. The first standard was released in 1998 by the American 
Institute of Aeronautics and Astronautics [11]. Subsequently, the US Department of Defence released another 
one through Defence Modelling and Simulation Office in 2003 [12]. In the following years, a number of 
standards were created [13-15]. 

3. EXPERIMENTAL PART 

The material models of several Dual Phase materials (DP) were created by means of tensile tests carried at 
three different strain rates (0.001, 0.1 and 1000 1/s) at room temperature. The specimens were subjected to 
the highest strain rate loading (1000 1/s) using Drop Weight Tower (DWT) IM10T with the total energy capacity 
of 3 kJ. The force was measured by means of piezoelectric load cell and simultaneously by the strain gauges 
mounted directly on the testing specimens to eliminate oscillation waves (Figure 2). The specimen deformation 
was recorded using high-speed camera Phantom V710 and evaluated using optical extensometer based on 
DIC method. Consequently, material models were verified through dynamic 3-point bending tests using Ω-
shaped profiles. The testing setup is described in Figure 3. 
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a) b) 

Figure 2 a) Geometry of the tensile test specimens for testing at strain rate of 1000 1/s; b) Example of the 
tensile tests results at 1000 1/s 

 

Figure 3 Testing setup for dynamic 3 point bending test. 1) High-speed thermo-camera, 2-3) High-speed 
camera Phantom V710, 4) position of the strain gauge, 5) HBM high-speed data logger,  

6) DWT striker 

Dynamic 3-point bending tests were performed in standard “gravitation” mode, which means that the mass 
carriage and the striker were not accelerated. Figure 4Figure  presents the geometry of the specimens and 
schema of the testing setup. 
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a) b) 

Figure 4a) Geometry of the omega profile; b) Schema of the test setup  

The advanced techniques were used to monitor deformation of the specimens in the course of the test. One 
side of the specimen was covered by stochastic pattern and recorded by two high-speed cameras. First 
camera was located axially symmetric to the 3-point bending test setup. Second high-speed camera was 
placed above the specimen and recorded the top of the specimen. Test records were used for further DIC 
analysis. Opposite side of the specimen was recorded by a high-speed thermo-camera. The position and 
direction of individual systems are presented in Figure 5. Temperature of the 3PB specimen increased from 
25 °C to 30 °C in critical areas. 

The local measurement of the deformation in location not suitable for DIC were performed by means of the 
strain gauges mounted in two specimen locations (on the hem and top in two orientations). Figure 6 shows 
the sequence of specimen deformation recorded by the high-speed camera and converted to DIC. The 
example results of the test are presented in Figure 7.  

 

Figure 5 Direction and position of individual devices intended for test monitoring 

  
a) b) 

Figure 6 a) Specimen deformation recorded by high-speed camera located axially symmetric to the 
testing setup; b) Example of the evaluation by DIC 
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A B 

Figure 7 3PB test example of the records from a) Strain gauges, b) Load cell and DIC 

4. DISCUSION 

There were a total of three different systems used to refine the test results, namely the DIC systems, thermo-
camera and local measurement of the deformation by means of strain gauges. The DIC system revealed that 
a crack is formed in the notch region when a logarithmic deformation of 0.78 was reached. At the same time, 
the temperature increased by 5 °C. The records from the strain gauges show that in the first phase, the area 
was exposed to compressive stress, which was further converted to tensile deformation during the deformation 
process. 

The use of strain gauges is precise and useful in locations, where conventional optical systems cannot record. 
Compared to DIC cameras, it is a very cheap tool that can give useful information, however it is important to 
place them correctly. Simultaneously, it is necessary to realize that strain gauges can detect limited amount of 
deformation. 

5. CONCLUSION 

The aim of this paper is to present extended measurement options for material model verification. The obtained 
parameters such as temperature field, deformation development in the notch area and on the upper side of 
the Ω - profile can then significantly contribute to the refinement of the material model.  

The use of all these systems makes it possible to use much more complex geometries for material verification, 
where different notches or asymmetrical loads can lead to the achievement of the required state of stress. 
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Abstract 

Small punch creep test (SPC test) is an alternative and still developing method to conventional uniaxial creep 
test and as such can be used for obtaining information about the creep properties of steels and alloys even 
when only a limited amount of test material is available. SPC method has been also implemented into EN 
10371 "Metallic materials - Small punch test method". SPC testing can also be used with advantage also for 
assessment of the residual life of critical components of fossil fueled power plants. The biaxial nature of the 
SPC tests differs considerably from the uniaxial conventional creep tests but it is possible to convert the 
equivalent SPC loading to the uniaxial creep stress on the basis of the equal test durations. Such an approach 
is demonstrated on the material of a pipeline bend after long-term exposition at 490 °C and the results are 
used for the assessment of the residual lifetime of this bend made of a 0.5Cr-0.5Mo-0.3V steel. 

Keywords: Creep, SPC test, pipeline bend, creep rupture strength, residual life assessment 

1. INTRODUCTION 

The pressure parts of fossil fueled boilers are exposed during long-term operation to high temperature and 
pressure, which lead to the material degradation, i. e. changes in physical and mechanical properties and/or 
the damage of microstructure. Determination of the current material state and its properties and the associated 
estimation of residual life of a component using standardized testing procedures requires a large amount of 
test material and time-consuming shutdown associated not only with material sampling but also subsequent 
repair of the sampling point. Often, these places become the place of subsequent damage and/or cracks, 
during further operation. The small punch test method, which largely eliminates these hazards while 
maintaining an adequate level of accuracy and reliability, is becoming an increasingly exploited method for 
evaluating the degradation of material properties and determining the current mechanical properties of 
individual components of critical power plant components (yield strength, tensile strength, transition 
temperatures, fracture toughness, creep characteristics, etc.). National standards or binding guidelines already 
exist in Japan and the USA [1-2]. The European standard "Metallic materials - Small punch test method" was 
also issued in 2021 and covers the evaluation of mechanical properties by tensile testing from cryogenic to 
high temperatures and also deals with the estimation of creep characteristics based on the results of small 
punch tests [3]. 

The small punch test method was exploited in the case of determining material characteristics and residual 
lifetime assessment of a steam pipe bend made of 0.5Cr-0.5Mo-0.3V steel and operated in a 110 MW fossil 
fueled boiler at a temperature of 490-500 °C for more than 270,000 hours. Although the operating temperature 
of this steam pipeline is relatively low for the use of a given steel make (the maximum permissible temperature 
of this steel is up to 580 °C), a very long operating time does not exclude the possibility of appreciable 
degradation of its microstructure as well as the material properties. The evaluation of the actual material 
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characteristic and mechanical properties and their influence on lifetime assessment of power plant components 
performed earlier [4] was supplemented by small punch creep testing. 

2. TESTED MATERIAL AND PROCEDURES 

The test material was scooped out at the extrados of the pipe bend in the form of three small samples using 
the SSam sampling device. After sampling, the edges of the sampling points were smoothed by grinding to 
avoid any structural notch. Thus, three disc-shaped samples were at disposal, on which it was possible to: 

 perform control chemical analysis and to confirm the make of used steel,  

 determinate the yield stress and tensile strength by small punch tests (SPT), 

 perform hardness measurement, 

 analyse the degradation of the microstructure (cavitation damage, degradation of the microstructure) 
including its evaluation according to VGB TW 507 [4], 

 perform SPC tests at various loads and to calculate the residual lifetime. 

3. RESULTS OF ANALYSES OF CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES 

The analysis of the chemical composition was performed on one of the small samples by X-ray spectrometry, 
the contents of carbon, sulfur and nitrogen by the combustion method on the LECO analyzer. The results are 
stated in Table 1 together with the nominal composition of the steel 15 128, the national equivalent steel grade 
in the Czech Republic [5]. 

Table 1 Chemical composition of pipeline elbow, mass% 

Element C S Mn Si P Cr Mo V 

Sample 0.15 0.016 0.57 0.20 0.014 0.60 0.41 0.28 

Standard 0.10-0.18 max. 0.040 0.45-0.70 0.15-0.40 max. 0.040 0.50-0.75 0.40-0.60 0.22-0.35 

Element Cu Ti Nb As Sb Sn N CEF (-) 

Sample 0.039 0.014 <0.003 0.002 <0.001 0.002 0.0120 0.034 

It is well known that the atoms of the substitution trace elements migrate to the grain boundaries, which results 
in embrittlement of the material. In order to evaluate the metallurgical quality of steel, a criterion of 
embrittlement susceptibility during long-term exposure, so-called CEF (Creep Embrittlement Factor), was 
formulated based on the concentration of phosphorus (P), antimony (Sb), tin (Sn) and arsenic (As) [6]: 

QRS � %U H 8.16�%WX� H 3.57�%WY� H 2.43�%Z[�        (1), 

Steels with values CEF<0.15 are considered to have a very good metallurgical quality. In the respective case, 
the value of CEF was as low as 0.034 (see Table 1) and the steel thus has very low embrittlement susceptibility. 

The mechanical properties of the bend were tested by small punch tests at room temperature. Disc-shaped 
test specimens with 8 mm in diameter and 0.5 mm thick were tested on INOVA 250 testing machine. The 
results are stated in Table 2, including the standardized values specified in the material standard for 
normalized and tempered state (grade 15 128.5) and after accelerated cooling and tempering (grade 15 128.9). 
Hardness measurements were also performed on one of the small samples using the HV 10 method and the 
results of hardness measurements are summarized also in Table 2, altogether with the informative hardness 
of this steel stated in the material standard. It is evident that the mechanical strength of the pipe bend is high 
and lies above the standardized range for the steel grade 15 128.5 and close to the maximum tensile strength 
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valid for the grade 15 128.9. The same is true for the results of the hardness measurements. Also, this 
information confirms the assumptions of a very good condition of the bend material. 

Table 2 Yield and tensile strength and hardness HV 10 at room temperature determined from SPT 

 Re (MPa) Rm (MPa) Re/Rm (-) HV 10 (-) 

Sample 1 604 732 0.82 218, 218, 218 

Sample 2 736 760 0.97 - 

15 128.5 [5] min. 365 490-690 - 147-208 

15 128.9 [5] min. 430 570-740 - 171-235 

4. RESULTS OF METALLOGRAPHIC ANALYSIS OF THE STEAM PIPELINE BEND 

Metallographic analysis was performed on a sample parallel to the sampling plane as well as to the pipe 
surface at the bend extrados and was concentrated in analysis of microstructure, evaluation of structural 
changes due to long-term exposure at high temperature and especially analysis of creep cavitation damage, 
including its evaluation according to VGB TW 507. 

The microstructure of the steel consisted of ferrite with fine precipitates, blocks of tempered bainite and smaller 
dark islands, originally probably pearlitic, see Figure 1. The spheroidization of carbide particles in bainite or 
pearlitic lamellae was just starting and the secondary precipitates along the grain boundaries, which is the 
typical sign of structural degradation due to long-term high temperature exposure, were observed only very 
rarely, see Figure 2. 

    

Figure 1 Microstructure of pipeline elbow  Figure 2 Detail of microstructure of pipeline elbow 

Many methods based on evaluation of creep or cavitation damage are used worldwide to determine the safe 
life or at least the time period for re-evaluating the properties of high temperature components. Interpretation 
of observed structural damage requires an evaluation method based on a unique and clearly defined scale of 
damage. Currently, the most comprehensive and available rule is the German regulation VGB-TW 507, which 
provides images of reference microstructures for the entire range of creep damage in the most common heat-
resistant steels. VGB TW-507 applies to the original Neubauer distribution of damage classes [9], as shown in 
Table 3. The VGB TW-507 also shows a complete set of micrographs of as received and creep-damaged state 
of materials for a wide range of different heat-resistant steels. Czech steel grade 15 128 can be evaluated 
according to its equivalent, European steel 14MoV6-3 and the evaluation of creep cavitation damage of a 
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sample taken from the steam pipeline bend corresponds to level 1: creep-exposed material without the 
occurrence of cavities. 

Table 3 Description of Neubauer damage classes in VGB TW-507 

Damage class Description of damage  Criterion  

0 As received material, without creep exposure - 

1 Creep exposed material, without cavities - 

2a Advanced creep exposure, isolated cavities N ≤ 150 cavities/mm2 

2b Numerous cavities without preferred orientation N > 150 cavities/mm2 

3a Numerous cavities with directional orientation  

3b Chains of cavities or grain boundaries separation 2 successive GB with at least 3 voids 

4 Microcracks More than one GB length 

5 Macroscopic cracks Cracks longer than 2 mm 

5. RESULTS OF SPC TESTS 

The method of SPC testing and evaluation of the test results are based on their correlation with the results of 
creep tests. Due to the complex stress state in SPC it is not possible to exactly transfer loading in SPC testing 
and stress in uniaxial creep tests. The evaluation of SPC results is usually based on correlation between results 
of the conventional uniaxial creep tests and SPC tests that compares load of SPC test (F) and stress of the 
uniaxial creep tests () for the same temperature and time to rupture by the parameter �\�: 
\ � ^

6                (2) 

The value of the parameter  is usually in the range of about 1.2 to 2.5 for most steels. A program of SPC 
tests was performed at a temperature 600 °C and at loads of 500, 480, 450, 420, 390, 360 and 330 N. The 
results of this program are summarized in Table 4 and the results of individual tests are shown in Figure 3. 

Table 4 Results of SPC tests 

Temperature Load 
Time to 

rupture 

Deflection 

rate 

(°C) (N) (h) (mm-1) 

600 500 74.5 1.3.10-06 

600 480 49.2 1.0.10-06 

600 450 241 4.9.10-07 

600 420 99.5 8.5.10-07 

600 390 135.8 6.5.10-07 

600 360 273.8 4.9.10-07 

600 330 398 3.1.10-07 
  

Figure 3 Results of SPC tests of steampipe bend 

The Norton´s creep power law was applied on the results of SPC tests in the form of: 

�_ � Z`a ⋅ S9�bc                (3) 
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where:  

tr is time to rupture (h) 

F is the applied load (N) 
ASP, nSP are temperature dependent constants 

For the extrapolation of the results of creep as well as SPC tests, the Larson-Miller parameter PLM is often 
exploited in the form: 

UdE � e ∙ GQdE H log ���J              (4) 

where:  

T is temperature (K) 

t is time to rupture (h) 

CLM is Larson-Miller constant, in this case implicitly chosen at C = 20. 

This parameterization of temperature and rupture time allows to influence the influence of both of these 
variables on one axis and thus perform make a direct comparison of creep tests performed at different 
temperatures.  

The load dependence of timer to rupture calculated by Norton´s equation is stated in Figure 4 and the relation 
of load versus Larson-Miller parameter in Figure 5.  

 

Figure 4 Correlation between loading and time to 
rupture 

 

Figure 5 Correlation between time to rupture and 
L-M parameter 

6. APPLICATION OF RESULTS FOR RESIDUAL LIFE ASSESSMENT 

The hoop stress, which was determined for this bend by strength calculation of the pipeline taking into account 
the relaxation due to creep, is 142 MPa and, when using the safety factor k = 1.25, the limit hoop stress is 
177.5 MPa. When using the conversion coefficient Ψ = 2.1 (see Equation (1)) determined in our creep 
laboratory for the conventional creep and SPC tests of this group of steels (low-alloy Cr-Mo-V steels), then the 
equivalent load to 177 MPa for SPC test is 373 N. Assuming the validity of the Larson-Miller equation compiled 
from the results of SPC tests in the whole considered temperature range, it is possible to convert the results 
obtained at a temperature of 600 °C to a working temperature, i.e. 490 °C. The results of this conversion are 
given in Table 5 for the load corresponding to the above operating stress. 

Although the calculated time to rupture is very high, in principle it confirms the results of the other analyses, 
where both the strength properties as well as the microstructure corresponded to the as-received material 
without any creep exposition. This may be due to the fact that the operating temperature of the steam pipeline 
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is relatively low for this steel grade that has a maximum working temperature up to 580 °C and its most frequent 
applications are around 550 °C. If we take into account that the difference in temperature of about 30 °C 
corresponds to the difference of one order of magnitude in the time to rupture, then the expected rupture time 
is not so high. In addition, thanks to the high values of yield stress and tensile strength, higher creep resistance 
can also be expected. 

Table 5 Estimation of time to rupture by using Larson-Miller equation 

Load Time to rupture (h) at temperature 

(N) 600 °C 490 °C 

373 221 484 700 

What is surprising, however, is the appearance of the microstructure of the steel in relation to its strength. This 
steel as of a 0.5%Cr-0.5%Mo-0.3%V type and with strength limit higher than 700 MPa it should have a 
microstructure almost free of ferrite, which, however, does not correspond in the evaluated one. Its 
microstructure consists mainly of ferrite in combination with bainite and pearlite (see Figures 1 and 2). The 
possibility how to get such a high yield stress of steel with a ferritic-pearlitic or ferritic-bainitic microstructure is 
to use a low tempering temperature. The observed state of the microstructure allows this possibility, as does 
the high ratio of yield stress to tensile strength. 

7. CONCLUSION 

The small punch testing methods, including SPC tests, were used to perform the assessment of residual life 
of the steam pipeline bend after creep exposure for more than 270,000 hours at 490 °C. The results of the 
analyses confirmed not only the high actual strength of the steam pipeline material, but also the very small 
extent of structural degradation due to long-term exposure at high temperature. Therefore, the estimated 
residual service life reached also hundreds of thousands of hours. 
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Abstract 

This study presents the results of two-body abrasion tests on several high-carbon low-alloy steels initially 
consisting of a dual-phase microstructure containing metastable austenite and thermally induced plate 
martensite. The wear behavior of these metastable austenitic steels (MAS) is compared to commercial wear-
resistant steels. Some tested MAS showed specific wear rates (SWR) that are more than three times lower 
compared to that of a martensitic 30MnB5 (1.5531) and an austenitic X120Mn12 (1.3401) steel and even more 
than five times lower than the SWR of Hardox 450. Pre- and post-wear hardness measurements indicate that 
low wear rates in MAS are related to hardness increase during wear. MAS with post-wear hardness in the 
range of 900 - 1000 HV achieved the lowest SWR. A further increased post-wear hardness up to 1250 HV 
proved to be not beneficial and led to an increasing SWR. XRD measurements show significant changes in 
the phase fractions of the MAS sub-surface region due to an austenite-martensite phase transformation. SEM 
micrographs also show severe plastic deformation in the sub-surface layer and the wear tracks. 

Keywords: High-carbon steel, abrasive wear, austenite, martensite 

1.  INTRODUCTION 

Depending on the composition, austenite can be manipulated to be either stable (advantage of the high work 
hardening) or metastable (advantage of hardening by phase transformation). In recent years, there has been 
an increasing interest in using metastable austenite in multiphase steels (e.g. automotive TRIP-steels, 
nanobainitic steels) due to the deformation-induced formation of martensite [1] and its large work hardening 
capacity [2]. Metastable austenite is gaining attention in the development of highly wear-resistant steels [3-8]. 
Traditionally, high wear resistance is achieved by a high hardness of the steels as a surface can only be 
scratched by an abrasive particle if the abrasive hardness is 1.2 times the hardness of the surface [9]. 
Therefore, it is not surprising that many commercial wear-resistant steels have a fully martensitic 
microstructure to achieve the highest possible hardness. The hardness of martensite increases with the carbon 
content [2] as the dislocation movement is impeded by higher intrinsic stresses through greater lattice 
distortions. However, a major problem with increasing the carbon concentration is a decreasing fracture 
toughness which must be considered as a low toughness leads to greater wear [9]. Chintha [9] points out that 
material deformed at the surface is more likely to be detached in brittle steels because the work hardening 
capacity is lower compared to a tougher steel with the same composition. This is in good agreement with 
Bakshi [8] who reports that changing the microstructure from martensitic to pearlitic or bainitic can reduce the 
wear rate since the underlying mechanism of material removal changes with microstructure. Other researchers 
have shown that an austenitic microstructure can be even more suitable for wear application compared to 
bainitic microstructure [6] by inducing an austenite-martensite transformation during wear. The martensitic 
layer formed during wear in the sub-surface region shows hardness up to 1100 HV. Such a transformation 
could be used to combine austenitic toughness with high-carbon martensitic hardness. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

460 

The objective of this study was to analyse the resistance of some high-carbon metastable austenitic steels 
(MAS) against two-body abrasive wear and to investigate the influence of the deformation-induced 
transformation in the sub-surface region. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

Table 1 indicates the chemical compositions of the MAS and their designations. The steels were melted in an 
induction furnace. Every heat treatment procedure was carried out using argon atmosphere to prevent 
decarburization. Chemical compositions were determined using optical emission spectroscopy 
(SPECTROMAXx; Spectro Analytical Instruments). The carbon content is kept constant at around 1.25 wt% 
for all composition. This is necessary to lower the martensite start temperature and conserve a high fraction 
of austenite after quenching. S1 to S4 contain different amounts of silicon and manganese. S5 and S6, and 
S7 and S8 are based on S2 with manganese partly substituted by chromium and silicon replaced by aluminium, 
respectively. 

All samples were annealed at 1000 °C for 30 minutes and slowly cooled to 400 °C before quenched in water. 
Afterwards, testable specimen geometries were cut by a cut-off grinding machine and austenitized at 1000 °C 
for 15 minutes followed by quenching in water (24 °C). According to [6] this heat treatment dissolves all 
carbides and leads to full austenitization before quenching in similar high carbon steels. 

Table 3 Chemical compositions of the steels tested 

Element 
C Si Mn P S Cr Al 

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) 

S1 1.25 3.22 2.3 0.013 0.012 0.2 0.01 

S2 1.23 1.99 3.07 0.015 0.009 0.21 0.01 

S3 1.24 3.2 3.33 0.017 0.013 0.21 0.01 

S4 1.23 2.04 4.28 0.02 0.011 0.22 0.01 

S5 1.22 1.62 2.27 0.015 0.011 1.21 0.01 

S6 1.27 1.68 2.05 0.016 0.008 1.73 0.01 

S7 1.25 0.71 3.03 0.018 0.006 0.22 0.99 

S8 1.22 0.2 3.3 0.013 0.005 0.21 1.98 

Three commercial standard industrial-grade wear-resistant steels were used to compare the wear resistance 
of the MAS: X120Mn12 (fully austenitic Hadfield steel showing a low initial hardness), Hardox 450 and 30MnB5 
(both fully martensitic steels having a high initial hardness).  

2.2. Methods 

2.2.1. Sample Preparation 

Before abrasion tests and pre-wear XRD measurements, the samples were carefully ground and polished to 
prevent the formation of surface martensite. Surface preparation was carried out using semi-automatic grinding 
and polishing machine MECATECH 250 SPC (Presi). All parameters, including the applied forces for each 
step are given in Table 2. More information on the sample preparation is described elsewhere [10]. 
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Table 4 Surface preparation procedure; SiC - Silicon carbide, 250 mm NT - Polishing cloth (PRESI), DP - Diamond polish 
(PRESI), Blue - Lubricant type “Blue” (Schmitz), OPS - Standard silica suspension (Struers) 

Grinding base SiC-
paper 

SiC-
paper 

SiC-
paper 

SiC-
paper 

SiC-
paper 

250 mm 
NT 

250 mm 
NT 

250 mm 
NT 250 mm NT 

Abrasive SiC SiC SiC SiC SiC DP DP DP SiO2 

Grain size (µm) 82 46 26 15 8 3 1 0.25 0.04 

Lubricant Water Water Water Water Water Blue Blue Blue 1 OPS : 1 Blue 

Head (rpm) 150 150 150 150 150 100 100 100 100 

Disk (rpm) 250 250 250 250 250 150 150 150 150 

Force (N) 25 25 25 25 10 10/5/1 10/5/1 10/5/1 10/5/1 

Time (min) 2 x 3 2 x 3 2 x 3 2 x 3 2 x 3 3 x 5 3 x 5 3 x 5 3 x 5 

2.2.2. Abrasion Tests 

Two-body abrasion tests were carried out using NUS ISO 3 abrasion tester (Suga Test Instruments). SiC 
abrasive paper (46 µm grain size; P320) attached to a rubber-covered aluminium wheel is pressed against the 
sample by lever action. The applied force was set to 16 N. The sample is fixed in vertical movement and 
performs the horizontal reciprocating movement relative to the abrasive paper, while the wheel performs an 
incrementally rotating movement. One testing cycle consists of three consecutive wear cycles. Each wear 
cycle contains 400 strokes, which in turn consist of a reciprocating movement of 30 mm length each (60 mm 
per stroke). Accordingly, 24 m of wear distance are covered for each wear cycle. The wheel rotates by 0.9 
degrees after each stroke to have constantly unworn abrasive paper in contact with the sample. Therefore, 
after 400 strokes or 360 degrees, the abrasive paper was changed. The weight loss was measured after every 
wear cycle using an electronic balance (0.1 mg precision). A specific wear rate (SWR) was used to evaluate 
and compare the wear resistance of the steels. The SWR is defined in equation (1) as the mass loss Δm (mg) 
during wear divided by the product of force F (N) and wear distance d (km).  

Wij �  ∆� ��l�
^ �m�∙n �o��              (1) 

2.2.3. Sub-Surface Characterization 

XRD measurements were conducted using a D8 Discover diffractometer (Bruker) with Cu-radiation 
(λ=0.154 nm) in Bragg-Brentano geometry. 2.5° soller slits were mounted on the primary and secondary tracks. 
A Ni-filter was used to reduce the Cu-Kβ-radiation. The step size was set to 0.03° at 3 s measuring time per 
step over the entire measuring range of 40-98° 2Theta. 

SEM (Ultra 55, Zeiss) was used for cross-section analyses and imaging of the wear tracks. To reveal the sub-
surface microstructures, the cross-sections of worn samples were prepared according to Table 2 and etched 
with 3 % Nital afterwards. A nickel layer has been electrolytically coated to the worn surface to reduce edge 
rounding during polishing. 

Hardness in pre- and post-wear condition was determined by the means of microhardness testing using 
hardness tester KB30S (KB Prüftechnik).  

3. RESULTS AND DISCUSSION 

3.1. Abrasion Test Results 

The pre- and post-wear hardness and the SWR measured are given in Table 3. The varying pre-wear hardness 
of the steels are explained by different amounts of martensite and austenite in the initial microstructure and 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

462 

due to different carbon concentrations in the case of fully martensitic Hardox 450 (around 0.2 wt% carbon) and 
30MnB5 (around 0.3 wt% carbon). Since X120Mn12 has a fully austenitic microstructure the hardness is the 
lowest. The MAS lie in between austenitic and martensitic steels.  

Hardox 450 exhibits the highest SWR (SWR = 30 mg N-1 km-1), followed by X120Mn12 (SWR = 20.4 mg N-

1 km-1) and 30MnB5 (SWR = 19.1 mg N-1 km-1). Generally, the MAS exhibit a higher two-body abrasive wear 
resistance as compared to the commercial steels. The least SWR in MAS is achieved by S8 
(SWR = 16.2 mg N-1 km-1), which is still better than the best commercial steel. S1 showed the lowest SWR 
(SWR = 5.6 mg N-1 km-1) which indicates a 3.4 times higher wear resistance as compared to 30MnB5. 

Table 5 Pre- and post-wear hardness, increase in hardness during wear and SWR measured 

Steel 
Pre-wear hardness Post-wear hardness Hardness increase SWR 

(HV) (HV) (HV) (mg N-1 km-1) 

X120Mn12 233 ± 13 688 ± 0 455 20.4 ± 1.6 

Hardox 450 474 ± 39 478 ± 13 4 30 ± 2.6 

30MnB5 519 ± 46 774 ± 254 255 19.1 ± 0.5 

S1 407 ± 67 912 ± 140 505 5.6 ± 0.6 

S2 247 ± 27 944 ± 206 697 6.7 ± 1 

S3 344 ± 18 842 ± 123 498 8.5 ± 0.7 

S4 237 ± 10 1003 ± 121 766 8.9 ± 1 

S5 294 ± 22 1105 ± 130 811 10.3 ± 0.1 

S6 502 ± 34 1156 ± 82 654 11.2 ± 1 

S7 483 ± 1 1231 ± 183 748 9.5 ± 0.6 

S8 370 ± 62 877 ± 139 507 16.2 

Figure 1a shows the measured SWR as a function of the post-wear hardness. It becomes evident, that the 
highest hardness achieved is not related to the lowest SWR. Rather, it seems like there is an optimum post-
wear hardness between 900 and 1000 HV. Further, Figure 1b shows that the SWR is more related to the 
increase in hardness during wear tests: The higher the hardness increase, the lower the SWR. It can also be 
seen that the lowest SWR achieved (S1, S2, S3) are not consistent with the highest hardness/hardness 
increase and that other mechanisms must contribute to wear resistance. 

 

Figure 1 Measured SWR as a function of post-wear hardness (a) and increase in hardness (b) 
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3.2. Sub-Surface Characterization 

Figure 2a shows the etched cross-section of the sub-surface region of the worn S4 steel. The initial 
microstructure consists of austenite (γ) and thermally induced martensite (α’). After wear tests a layer is visible 
(between the Ni-coating and the dotted line) immediately below the surface, which is characterized by the 
presence of persistent slip bands (PSB). Within the layer, the thermally induced martensite is fractured. The 
near-surface regions of the worn steels S1, S2, S3, S6 and S7 did exhibit the same characteristics as those in 
steels S4 and S5 (Figure 2a and c). However, no PSB or similar deformation structures were visible in the 
near-surface region of the worn S8 steel (Figure 2b). Therefore, the higher SWR of S8 compared to the other 
MAS is due to the missing PSB layer.  

In addition to the visible PSB structures a macroscopic deformation in the form of a chip (circled) is 
recognizable in Figure 2c. It seems like the chip has formed and has later been pressed again on the surface, 
accompanied by the creation of a distinct deformation zone with high PSB density underneath the chip.  

The wear tracks of the S5 steel shown in Figure 2d illustrate the surface of all MAS specimens after wear. In 
all MAS, the material removal from the surface is primarily caused by wedge formation due to micro-ploughing, 
micro-cutting, micro-fatigue and delamination. A correlation between chemical composition and the presence 
of a specific wear mechanism could not be observed. The XRD results, Figure 3, show that the measured 
intensity of the austenitic phase decreases and that of the ferritic phase increases during wear tests. The 
combination of the measured hardness and the XRD results leads to the conclusion that all tested MAS 
undergo austenite to α’-martensite transformation during wear. The observed PSB possibly act as nucleation 
sites, because intersections of slip bands can serve as nucleation sites for martensite [11-13]. The sub-surface 
region of steel S8 undergoes a transformation from austenite to α’-martensite as shown by XRD which is in 
contrast to the mentioned assumption of martensite nucleation at slip band intersections. It is possible that the 
layer cannot be seen due to poor etching or better resistance due to the alloy composition (high Aluminium 
content) or the layer is not very pronounced. However, it can be concluded that both, martensite formation and 
plastic deformation in the form of a sufficiently developed PSB layer within the sub-surface region, is necessary 
to obtain a low SWR.  

 

Figure 6 SEM micrographs of etched cross sections of worn samples (a - S4; b - S8; c - S5) and wear track 
(d) of sample S5 
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Figure 7 X-ray diffraction patterns of MAS in pre-wear (a) and post-wear condition 

4. CONCLUSION 

This research analyzed the two-body abrasion wear behavior and the sub-surface microstructure after wear 
of some high-carbon MAS by comparing their specific wear rates and post-wear hardness with three 
commercial wear-resistant steels. Following conclusions can be made: 

 All tested MAS present better wear resistance than the tested commercial steels. 

 The best wear resistance is found at an increase in hardness during wear to 900 to 1000 HV. At lower 
and higher values, the wear resistance tends to decrease. 

 Hardness increase in MAS is related to the deformation-induced formation of martensite at the surface 
and work hardening of the near-surface region. 

 The best wear resistance is achieved when martensitic transformation is accompanied by work 
hardening of the near-surface region. 
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Abstract  

The article deals with the production and evaluation of thermal spraying layers using duplex technologies, 
namely a combination of electric arc spraying (EA) and High-Velocity-Oxy-Fuel (HVOF) flame spraying. The 
coatings are realized in this way can make a layer thickness of up to several mm. They are usually realized as 
three-layer. Composition: substrate, intermediate layer (NiTi), filling layer (13 % Cr steel), and final layer (WC-
Co). The coatings made in this way were tested by metallographic and selected mechanical tests. The 
achieved results significantly expand the possibilities of using standard thermal coatings. 

Keywords: Thermal spraying, HVOF, mechanical property, testing methods 

1. INTRODUCTION 

Thermal spraying is one of the modern production and renovation technologies. Thermal spraying is a process 
where the coating materials are melted and with kinetic energy, the particles are impacted onto the substrate 
surface to be coated. The coating material is propelled on the substrate using a stream of gas or compressed 
air depending on the thermal sparing process being used, creating a surface structure on a given substrate. 
There are a number of technologies currently available. The most common division is according to the type of 
energy used, its maximum temperature, the type of additional material used. The combination of the used 
energy, temperature, types of coating materials can achieve a number of specific properties of the produced 
coatings, such as resistance to abrasion, thermal barrier corrosion, and more [1]. Each spraying technology 
has a certain specific range of resulting parameters such as maximum coating thickness, coating type, 
resulting properties such as porosity, adhesion, hardness. This paper deals with coatings made by two 
technologies, namely electric arc spraying and HVOF. The total thickness of the combined spray coatings 
ranged from a typical 0.5 to an extreme 1.5 mm. A comparison of different thermal spray processes is given 
in Table 1 [1,2]. 

2. MATERIALS AND TECHNOLOGY USED 

A standard Praxair TAFA 8830 MHU device was used to make the base layer and the filling layer of the coating. 
A Tafa JP 8000 device was used for the top layer. The coatings were sprayed with the above equipment with 
a standard preparation procedure on a carbon steel blasted substrate (S355). To design the set of the spaying 
parameters, the parameters recommended by the powder producer were used as a reference. The chemical 
composition of the materials used is given in Tables 2-4. 
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Table 1 Comparison of different thermal spray processes [1,2] 

Type of System Flame or Plasma 
Exit Temperature 

(°C) 

Heat Transfer 
or Substrate 

(°C) 

Particle Impact 
Velocity   

(m/s) 

Oxide 
Content      

(%) 

Porosity 

 (%) 

Adhesion (Bond 
Strength)  

(MPa) 

Detonation Gun 3000 20-150 MAX. 800-1000 0.1 0.1-1.0 82 

HVOF 2500-3100 500-700 500-800 0.2 1.0-10 68 

Plasma Spraying 5500-8300 700-1000 200-600 0.1-1.0 1.0-10 90-95 

Wire Arc 4000-6000 500-800 240 0.5-3 10-20 10-40 

Flame Spraying 2500-3000 500-700 30-180 4-6 10 7-18 

Table 2 Chemical composition WC-Co 88/12 HVOF 

W 

 wt(%) 

Co 

 wt(%) 

C 

 wt(%) 

Fe 

 wt(%) 

base 10.5 - 13 5.2 – 5.6 0.20 
 

Table 3 Chemical composition anchor layer, wire NiTi 

Ni 

 wt(%) 

Ti 

 wt(%) 

Other 

 wt(%) 

base 3.3 0.9 
 

Table 4 Chemical composition filling layer, wire Fe13Cr 

Fe 

wt(%) 

Cr 

wt(%) 

Ni 

wt(%) 

Mn 

wt(%) 

C 

wt(%) 

S 

wt(%) 

base 13 0.5 0.5 0.35 0.25 

3. SAMPLE PARAMETERS 

To verify the properties of double sprays, three types of samples with different thicknesses of the filling layer 
were made. The technologies used and the thicknesses of the individual layers are listed in Table 5. Figure 1 
shows the macrostructures and thicknesses of the individual samples. The measured values correspond to 
Table 5. No unacceptable defects such as cracks or delamination of the layers were observed. 

     

a)                                                   b)                                                     c) 

Figure 1 Layer thickness measurement a) sample no.1, b) sample no.2, c) sample no.3 
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Table 5 Sample parameters 

Sample  Background 

(EA) 

Thickness  

(mm) 

Filling  

(EA) 

Thickness  

(mm) 

Cover 

(HVOF) 

Thickness  

(mm) 

1 NiTi 0.05 13 % Cr 0.5 WC-Co 0.15 

2 NiTi 0.05 13 % Cr 1 WC-Co 0.15 

3 NiTi 0.05 13 % Cr 1.5 WC-Co 0.15 

3. SAMPLE PARAMETERS AND PROPERTIES TESTING 

The prepared samples according to Table 5 were tested by a standard range of tests for thermal spraying [3]. 
Metallography and hardness measurements were performed on all samples. Sample No. 2 was subjected to 
a torsion test and adhesion test according to ASTM C633 -13 [4,5]. Figure 2 shows the macrostructure of the 
sprayed layer (2a), typical transitions at the substrate/anchor layer interface (2b), and the filler and cover layer 
transition (2c). Figure 3 shows the hardness test according to Vickers HV0.1 performed in individual parts of 
coatings. The achieved values correspond to the materials used. In the topcoat, it is above 1300 HV0.1, 440 
HV0.1 in the infill, 155 HV0.1 in the anchor layer. The plastic properties of the coatings are evaluated by 
bending and torsion tests. We tested the coatings using a torsion test. If the thickness of the coatings is greater 
than the commonly used 0.2 mm, it is necessary to modify the evaluation criteria. With a coating thickness of 
up to 1.2 mm, it was possible to stress the sample with a torque of + 90°. At torsion to -90, the coating 
delamination has occured, see Figure 4 and Figure 5. 

   

a)                                     b)                                                           c) 

Figure 2 Metallography sample no.1 a) macrostructure, b) substrate/NiTi interface c) interface filling 13Cr / 
WC-Co 

   

a)                                            b)                                                        c) 

Figure 3 Hardness sample no.1 a) surface, b) infill, c) anchor layer 
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Figure 4 Torsion test samples no. 2(+ 90° -satisfactory) 

 

Figure 5 Torsion test samples no. 2(+ 90°, - 90°- unsatisfactory, delamination of the spray  
from the substrate) 

Coating adhesion strength was measured following procedures dictated by ASTM C633. A commercial 
adhesive (HTK Ultra Bond 100) was used to bond the coating face and the grit-blasted encounter button, 
followed by curing for 80 min. at 150 °C. After curing, samples underwent tensile loading using a servo-
hydraulic tensile testing machine with a static 200-kN load cell at 1 mm/min until the failure condition was 
reached (separation between fixture buttons). If the sample failed at the coating/substrate interface, the 
measurement was considered valid for adhesion strength determination. For each condition, the adhesion 
strength values were averaged from three measurements. The average values of Adhesion (Bond Strength) 
from the three samples for each sample were around 35-40 MPa, which is at the upper limit of the technology 
used. The damage occurred in a layer sprayed with an electric arc. The maximum adhesion of combined 
coatings will be limited by the "weakest technology" in our case by electric arc spraying. 

4. CONCLUSION 

This paper deals with the properties of coatings anchored by two different technologies, namely a combination 
of electric arc spraying (EA) and high-velocity-ox-fuel flame spraying (HVOF). This combination can be 
interesting when it is necessary to make a coating of greater thickness and the use of exclusively HVOF 
technology may be inefficient or technically impossible. The results show that the possible and effective use 
of two different thermal spraying technologies. However, the resulting properties are limited by the worst, which 
may not be a limiting parameter for use in practical applications in industry. 
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Abstract 

High carbon steel wires are largely used in structural applications such as reinforcement, bridge cables, steel 
ropes, etc. These applications require safety, reliability and durability, which implies in a constant effort to 
optimize and control the microstructure. The correct managing of the different steps of heat treatments is 
essential to achieve these aims. To address this problem, this study brings a critical investigation of the heating, 
from room temperature to austenitizing temperature, and cooling, from the austenitic domain to room 
temperature, of an eutectoid steel wire. Dilatometry with strict control of heating and cooling rates was 
employed to measure the variations in length in order to detect the minor changes in the microstructure and 
to explore the phase transformation features. The microstructure investigation by optical and scanning electron 
microscopy complemented with hardness allowed to evaluate the prior austenite grain size (PAGS) and 
homogeneity variations with heating rates, soaking time and temperature of austenitization. Their effect on the 
pearlitic transformation and the pearlite morphology, both at isothermal and continuous cooling, were also 
surveyed. While the heating rates do not seem to play an important role on the PAGS in the considered range, 
the results of the duration suggest a real effect on grain size, which are discussed based on diffusion process 
and by considering the time-temperature equivalences. The results collected in this work present guidelines 
for industrial practice and endorse the importance of parameters’ control in a heat treatment. 

Keywords: High carbon steels, phase transformations, pearlite, austenitization, dilatometry 

1. INTRODUCTION 

The use of pearlitic steel wires in structural applications demand a constant improvement of the production 
system and the microstructure of the steels. There are several studies on low carbon steels aiming the control 
of the production parameters, which have not been widely explored to high carbon steel [1-6]. 

The control of the pearlitic microstructure is mostly focused on the interlamellar spacing and its effect on the 
mechanical properties, which had already been largely proved to decrease with the degree of undercooling 
and thus improve the yield strength [7]. There are many other pearlite features, such as colony and nodule 
size, alignement of the lamellaes or the presence of branching and bridging between the cementite lamella, 
which had already been reported to exist but that still needs to be further characterized and explained [8-10]. 
Besides, there is still a gap of knowledge within the effect of austenitizing parameters on the pearlite 
transformation and the further effect of it on the retransformation to pearlite.  

This work intends to address this gaps by means of a dilatometry study of the phase transformations of pearlite 
during heating and cooling considering the industrial practices with the aim to propose some improvements. 
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2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The studied wire is a perlitic plain carbon steel with (in wt%) 0.82C, 0.56Mn, 0.28Si and Fe balanced, cold 
drawn from 6.5 to 4 mm (ε = 0.97). The initial state of the studied steel is an important definition since it is 
known to affect the final microstructure, even after the full austenitization cycle [11]. It is especially important 
in this work since the samples were directly cut from the wires to produce the 10 mm long cylinders for the 
dilatometry tests. It does not follow the ASTM standard A1033-18 that states a sample production method to 
avoid the effect of texture [12], which implies that the reported observations are only valid considering its 
amount of deformation. 

The phase transformations critical temperatures were characterized in a quenching dilatometer DIL 805. The 
accuracy of the data extraction is extremely dependent of the method, as already discussed in the literature 
[13-15]. The chosen method to extract the critical temperatures of the dilatometry curves in most cases was 
the lever rule due to its simplicity and efficacy when applied to well-defined single transformation. The 
calculated transformed fraction was not considered because of multi-transformations events observed in the 
continuous cooling experiments, which would lead to wrong conclusions. The offset method [15] was used 
only for Ms because, as the transformation does not reach the end, the use of the lever rule was compromised 
and presented a larger scattering.  

The intention of this study was to understand the effect of the heating parameters on a deformed pearlitic 
microstructure and then define how they affect the pearlite produced afterwards. To cover a significant number 
of parameters, the cycles were defined aiming to produce the heating diagrams, Time-Temperature-
Austenitizing (TTA) and Continuous-Heating-Transformation (CHT), in which the soaking times (10, 60 and 
300 s), temperature (900, 950 and 1000 °C) and heating rates (1, 5, 10, 50 and 100 °C/s) were analyzed.  

Two austenitization cycles (30 °C/s to 950 °C and 5 °C/s to 1000 °C) were used to produce the cooling 
diagrams: The Time-Temperature-Transformation (TTT), using ten isothermal temperatures between 640 °C 
to 460 °C with 2 minutes of holding time, and the Continuous-Cooling-Transformation (CCT), for which were 
performed six cooling rates (5, 10, 20, 30, 50 and 100 °C).  

The pearlite was characterized by the average interlamellar spacing (W ̅) and microhardness. While for the 
martensite the prior austenite grain size (PAGS), the microhardness and Ms were used.  

3. RESULTS 

3.1. Heating 

The results from the dilatometry curves are shown in Figure 1. The start of transformation temperature (Ac1) 
is not strongly affected by the heating rates, always being around 730 °C for the considered range, which 
implies that the nucleation is not strongly affected. While the end of transformation (Ac3) was clearly affected, 
ranging from 750 to 790 °C and, at 100 °C/s, it was not even possible to define the critical temperatures. The 
time to transform also changed, from almost 20 s at 1 °C/s and less than 1 s at 50 °C/s. It evidences that the 
growth of the austenite into the pearlite, which has already been reported to be fast [19], is the most affected 
stage. This effect is probably seen by the temperature of carbide dissolution (Acc) too, however, due to the 
large scattering of methods to measure this critical temperature, it was not measured in this work. This effect 
in the Ac3 has already been reported for low carbon and high manganese steels [2].  

Another important feature observed in this curve is the shape of the curve before the austenitic transformation. 
The variations of the dilatometry curve before the transformation in low carbon steels was reported to be the 
either the detection of texture evolution, recrystallization and/or recovery [1]. In Figure 1, a change in the slope 
can be observed but there is no exact definition of which phenomena would be happening in the case of high 
carbon steels. 
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Figure 1 Dilatometry curves of the heating at different heating rates to 900 °C 

The PAGS obtained at different times and temperatures presented a significant variation of the grain size with 
both parameters, which was already expected considering that only diffusive phenomena were involved and 
they are time and temperature depend. In contrast with these results, the different heating rates did not show 
a considerable variation nor tendency. Considering that only the austenitic transformation would happen and 
that it is a diffusive transformation, Manier [20] proposed that is possible to calculate two equivalent cycles of 
equivalent temperatures and times that would produce the same PAGS. It is a quite simplified theory since 
other phenomena can happen during heating and it would entail in other use of energy and not exclusively use 
to transform. The equation of the equivalent cycles (T0, t0) and (T, t), in which T > T0, is: 
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where: 

t - the time in the austenitization temperature T (s) 

T - the temperature of austenitization (K) 

R - the gas constant (Constant and equal to 8.314 J/K⋅mol) 

ΔH - is the activation energy (considered constant and equal to 460550 J) [20] 

The equivalent cycle to 900 °C for 300 s would be either a cycle at 950 °C for 45 s or at 1000 °C for 9 s. The 
tested times are not exactly the same, but the values of PAGS are very close when treated at 900 °C for 300 
s, 950 °C for 60 s and 1000 °C for 10 s, which is 62 µm, 56 µm and 52 µm, respectively, with ± 8 µm of standard 
deviation. Although the ANOVA test detected a significant difference of 7 µm with 95 % of confidence, it still 
suggests that the data shows an agreement with the calculation. It would be important to do it for a wider range 
of the exact equivalent cycles, as done in the article, and consider the standard deviation of the PAGS. Despite 
its simplicity, this method of predicting PAGS can be a useful tool for industrial applications and control. The 
homogeneity of the austenite can be indirectly measured both by the hardness and Ms temperature. With the 
increase of the amount of carbon in solid solution, the hardness increases while the Ms decreases. The 
hardness results did not present any significant difference between the heating rates, but the values at 900 °C 
for 10 s is lower than 950 and 1000 °C. It indicates that the austenitization would reach its maximum carbon 
dissolution from 900 °C for 60 s or 950 °C for 10 s. The measured Ms did not show a difference using the 
offset method, which is expected since all the cooling curves are coincident. Therefore, by this method, there 
are no variations of austenite homogeneity between the different austenitization cycles. Comparing this result 
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with the hardness, there is a difference that was either not detected by the dilatometer or the method of data 
extraction was not sufficiently accurate. When measured by other methods, it could present a difference of 
even 40 °C but not with the same tendencies presented by the the hardness, which, again, proves the 
importance of reliable methods to interpret the dilatometer data. 

3.2. Cooling 

The study of the cooling was done by means of production of the CCT and TTT diagrams and the results are 
shown in Figure 2 below.  

  

Figure 2 Overlaid Time-Temperature-Transformation (TTT) and Continuous-Cooling-Transformation (CCT) 
diagrams treated at different austenitizing cycles. 

First the in TTT, the times to start the transformation is shifted for the samples austenitized at 1000 °C, which 
can be explained by the larger grain size that results in a decrease of the nucleation sites. The values of 
average interlamellar spacing (W ̅ ) and hardness did not a present a remarkable difference between the two 
cycles, W ̅ = 175 ± 41 nm for the coarser pearlite produced and W ̅ = 104 ± 8 nm for thinner ones. 

The pearlite formed during continuous cooling presented a smaller W ̅ for the samples austenitized at 1000 °C 
compared to 950 °C, being 101 ± 14 nm and 90 ± 13 nm for the coarser pearlite formed during cooling at 
5 °C/s; and 84 ± 8 nm and 78 ± 4 nm for the fine pearlite cooled at 30 °C/s and austenitized at 950 °C and 
1000 °C respectively. The CCT results had shown differences in the phase fields of the martensite, although 
it was previously concluded by the TTA and CHT that there is no difference in the homogenization between 
the cycles at 950 and 1000 °C for 10 s. The critical cooling rate for the samples autenitized at 950 °C is 30 °C/s 
while for the ones austenitized at 1000 °C is 20 °C/s. It is most likely cause by the difference of PAGS that 
influences on the pearlite nucleation. These differences are evidenced in the micrographs shown in Figure 3. 

Additionaly, bainite was formed when the wire was austenitized at 950 °C, which has been reported to indicate 
inhomogeneity in the prior austenite in hypoeutectoid steels [21]. It happens because proeutectoid ferrite 
regions are the last ones to transform to austenite and these regions with less carbon tend to transform to 
bainite during the cooling. In the current work, an hypereutectoid was analyzed and it seems to also be related 
to inhomogeneity since it is seen only for lower austenitizing temperature. Therefore, it is attributed to a higher 
hardenability due either to a more homogeneous distribution of carbon in solid solution. The pearlite produced 
by the isothermal treatment was degenerated, even with the decrease of the transformation temperature. While 
the ones produced by continuous cooling had kept its lamellar morphology with a considerable amount of 
branching and bridging between the cementite lamella. It was enhanced with the decrease of the cooling rates 
for both austenitization cycles, although more numerous for the samples austenitized at 950 °C. Moreover, 
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they were thinner due to a stronger undercooling, which could represent an advantage for the industrial 
practice. It would be interesting to evaluate the mechanical properties of the pearlite formed by both ways to 
confirm if it represents any advantage, especially in the work hardening, since the high mechanical of pearlitic 
wires is mostly because of the deformation of the patented wires. These results prove that the austenitization 
cycle has an effect on the final pearlitic transformation when starting from a pearlitic drawn wire. No much 
research have been done to elaborate the effects of the pearlite morphology in the transformation to austenite 
besides the differences between lamellar and spherodized pearlite. 

  

Figure 3 Micrographs of the CCT samples for 0.82 wt% of C cooled at 50 °C/s and austenitized at (a) 950 °C 
and (b) at 1000 °C. 

4. CONCLUSION 

The study of the heat treatments parameters on the final microstructure are extremely important and this work 
have shown the effects both at heating and cooling of the pearlitic steels. 

 There is a clear of effect of time and temperature on the PAGS in the considered range. From the Ms 
measurements, there is no variations in the homogeneity of austenite but, from the hardness values, 
from 900 °C for 60 s or 950 °C for 10s, it is homogeneous. The heating rates do not seem to influence 
neither at the PAGS or the homogenization of the transformed austenite. 

 The data had shown some agreement with a simplistic method for predicting the PAGS that works as 
easy and fast way to evaluate an austenitization cycle for the industrial practice reality.  

 Both continuous and isothermal cooling were affected by the austenitization cycle. In the continuous 
cooling, the presence of bainite and changes in the fields of transformation represented variations in the 
homogeneity of the parent austenite. For the isothermal treatments, the kinetics was shifted to longer 
times because of the variation in grain that results in less nucleation sites for pearlite. The pearlite 
presented different morphologies, in the isothermal cooling it varied from long parallel lamella to 
degenerated pearlite. While in the continuous cooling, it presented long parallel morphology for all the 
cooling rates with a presence of bridging and branching. 

 In this work are evidenced the gaps of knowledge of the eutectoid steel transformation, such as the 
effect of the different pearlite morphology obtained by different methods, explanations of the phenomena 
before the austenitization for the pearlitic structures and how are bridging and branching formed. 
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Abstract  

The objective of the present paper is to investigate if the presence and the nature of austenite in 9Ni steel, 
together with the modification of the matrix induced by heat treatment, change the low cycle fatigue response. 
The steel was therefore heat-treated so that either a quenched martensitic matrix or a mixture of tempered 
martensitic with bainitic matrix containing retained or reversed austenite would be obtained, respectively. The 
experiments showed that while higher stress levels were observed during low cycle fatigue, the quenched 
microstructure presented a lower fatigue performance under the same applied strain. According to the slip 
marks pattern, the tempered steel exhibited a higher degree of cyclic deformation accommodation. No obvious 
effect of austenite in terms of the TRIP effect has been evidenced and the matrix appeared to play a more 
important role in the fatigue performance. This investigation suggests another possible role of austenite. 

Keywords: Reversed austenite, retained austenite, martensite, slip marks, fatigue resistance 

1. INTRODUCTION 

9Ni steel is low carbon steel widely used as part of liquefied gas storage tanks and pipelines due to the 
excellent cryogenic toughness. It is well known that a tempering heat treatment must be performed at a lower 
temperature after quenching to increase the mechanical properties of the material, such as toughness and 
ductility [2], [4]-[6]. The tempering heat treatment also gives the possibility to obtain the reversed austenite, 
this phase has a direct impact on the cryogenic toughness of the 9Ni steel [1]-[3]. On the other side, the 
austenitic phase can be retained after quenching at room temperature due to the segregation of highly 
gamagenic elements, such as manganese, nickel and carbon. The retained austenite is sometimes 
undesirable because under some effort, or after subsequent heat treatment, it can transform into a brittle form 
of martensite, causing premature failure of components.  

This study aims to investigate the modification of the microstructure in a 9Ni steel by heat treatment and then 
study its influence on the low cycle fatigue properties. In particular, attention will be paid to the nature of 
austenite on the cyclic accommodation and fatigue resistance.  

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The chemical composition of the investigated 9Ni steel given by the supplier is (wt %): 0.04 C, 8.99 Ni, 0.53 
Mn, 0.23 Si. The material has been investigated under two conditions of heat treatment: one set of specimens 
was submitted to austenitization at 900 °C for 1 hour and 45 minutes, followed by water quenching. The other 
set of specimens received the latter heat treatment but was then tempered at 600 °C for 10 hours.  

The austenite content before and after fatigue tests was measured by X-ray diffraction (XRD). The analyses 
were conducted with the Rigaku Smartlab Diffractometer in a 38-120° 2ϴ range by using Cu-kα radiation  
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 = 1.54056 Å). The Cullity method [8] was applied to calculate the amount of the volume fraction  
of austenite.  

The heat-treated specimens were etched in 3% Nital, and Klemm’s II tint etchant was used to reveal the matrix 
microstructure and the austenitic phase.  

Flat low cycle fatigue (LCF) specimens were machined by spark erosion procedure, the dimensions were 
determined according to the ASTM E606, with a cross-section of 6 mm x 3 mm and a gauge length of 12 mm. 
The flat specimens were ground and polished until ¼ µm diamond paste and fine-polishing step with Struers 
OP-U 0.04 µm colloidal silica suspension in order to obtain a proper surface for further post-deformation 
analysis. LCF tests were carried out along the rolling direction of the samples at room temperature at several 
constant strain ranges (Δεt (in %) = 0.8, 1.2, and 1.6) using a triangular waveform with a strain ratio R = -1 and 
a constant strain rate of 4 x 0-3 s-1. To evaluate the fatigue resistance of the two materials, fatigue life vs plastic 
strain range was plotted as usual Manson-Coffin correlation to fit the experimental data. Fatigue-induced slip 
marks were analyzed with a Hitachi S3400N Scanning Electron Microscopy and with an optical microscope, 
model Countour GT-K 3D (Bruker). The latter had a vertical resolution <0.1 nm which allowed quantitative 
assessment of the roughness of the samples by White Light Interferometry. All the parameters were obtained 
according to the ISO 25178-2 and ISO 4287 specification standards. Analysis of variance (ANOVA) was used 
as the analytical tool to interpret the roughness values. 

3. RESULTS AND DISCUSSION 

3.1. Impact of heat treatments on microstructure 

The selected heat treatments allowed us to obtain a nearly equivalent volume fraction of austenite as indicated 
by XRD analysis (Figure 1). While the water quenched material contains 8 % of retained austenite, the 10 h 
tempered steel contains 11 % of reversed austenite. 

  

Figure 1 X-Ray diffractograms recorded on the quenched steel (WQ) and the 10 h tempered steel (10h) 

However, the heat treatments also affected the matrix and the partition of austenite. The optical micrograph 
(Figure 2-c) shows a martensitic matrix with some lighter bands of austenite segregated along the rolling 
direction. The retained austenite is suspected to be present in the form of nanofilms as well, impeding their 
identification by no other than high-resolution techniques [9]. Figures 2-b and 2-d show the microstructure of 
the 10 hours tempered steel. It contains both martensite and bainite constituents revealed thanks to Klemm's 
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II etchant which coloured bainite in blue and martensite in brown, leaving the austenitic phase unetched. It 
must be highlighted here again that the austenite detected in the quenched sample is morphologically different 
from the reversed austenite obtained by tempering heat treatment.   

As a consequence, the hardness differs between these materials The Vickers hardness HV10 was 362 for the 
quenched steel and 237 for the tempered material. 

 

Figure 2 Optical micrographs of the 9Ni steel etched with Nital 3% (a, b) and Klemm’s II solution (c, d): heat- 
treated at 900 °C and water quenched (a, c), and 10 hours tempered (c, d). The yellow/brown zones indicate 

the martensitic constituent, blue zones correspond to the bainitic constituent and the lighter dots or bands 
are the austenitic phase. 

3.2. Impact of microstructure on low cycle fatigue behaviour 

Figure 3 shows the evolution of the stress amplitude versus the number of cycles for the tests performed at 
Δεt (in %) = 0.8, 1.2, and 1.6 for each heat-treated material.  

For the investigated strain ranges, the peak stress for both steel increases with the applied strain. The stress 
response to strain cycling is microstructural dependent, especially in terms of stress value. The quenched 
material exhibits cyclic stress 300 MPa to 400 MPa higher than the tempered steel. Still, both materials start 
hardening and then softening, the softening rate is much moderate for the tempered which tends to reach 
stabilization, especially for the higher strain tests. As well, the number of cycles to reach the maximum value 
of the stress amplitude is smaller for the quenched steel than the tempered one. Such response would appear 
predictable for the tempered steel if one would ignore the presence of austenite. Indeed, the few cycles related 
to the cyclic hardening of the tempered steel can be attributed to the release of some dislocations among the 
numerous entangled and little mobile dislocations produced during the martensitic transformation. Then once 
dislocation gliding is possible, dislocations annihilation and arrangement towards lower energy configuration 
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cause the continuous softening. The same behavior is present for the quenched microstructure, except for the 
dislocation mobility, once they appear to be more numerous and more tangled.  

 

Figure 3 Cyclic accommodation curve for the tests performed at Δεt = 0.8 %, 1.2 % and 1.6 % for the 
quenched 9Ni steel and the 10 hours tempered 9Ni steel 

Therefore, it turns out that the presence of austenite islands does not seem to play an expected effect in the 
cyclic accommodation as opposed to what is observed in 12Cr1MoNbV martensitic steel with the presence of 
ferrite islands. However, the softer and more stable behavior of the tempered steel sounds well with the effect 
of the tempering, which partially recovered microstructure, allowing easier initial gliding of dislocations and 
earlier rearrangement in a more stable configuration. Moreover, the tempered matrix consists of a mixture of 
bainite and martensite. Yet, tempered bainite is often considered to accommodate plastic deformation [10]. 

The Manson-Coffin curve for each heat treatment performed in this study is displayed in Figure 4. 

 

Figure 4 Fatigue resistance curve of the quenched 9Ni steel and the 10 hours tempered 9Ni steel 
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The logarithmic regression shows that the quenched and tempered samples exhibit a distinct response. The 
high performance in terms of cyclic stress values of the quenched material is counterbalanced by the low 
fatigue resistance. Besides, for this material, it was observed a change in the slope at Δεt = 1 %. Some authors 
have already reported such a bi-linear behavior for 12 Cr steel, low carbon and bainitic steel [11-12] and this 
may be linked to the existence of two regimes of fracture mechanism due to the increase in strain levels, and 
slip system changes. 

3.3. Fatigue slip marks 

The topography of each deformed specimen at Δεt = 1.2 % as well as the profiles of the surface analyzed by 
light Interferometry are detailed in Figure 5.  

The ability of the tempered steel to accommodate easily the cyclic plasticity is reflected by the numerous slip 
marks associated with a higher cumulated cyclic strain than the quenched steel (450 % and 714 %), even if 
the micrograph is taken at mid-life. Rugosity values were compared using one-way analysis of variance 
(ANOVA). It was observed a statistically-significant difference between groups of rugosity parameters (P < 
0.05), the 10 hours tempered sample showed higher value parameters, confirming the evidence of a highly 
deformed surface. 

It was found that the volume fraction measured after fatigue was slightly decreased to 5 % and 7 % for the 
quenched and tempered steel, respectively. This indicates that the austenite as well in the retained form as in 
the reversed one did not play any role through a transformation-induced plasticity mechanism aka the TRIP 
effect. 

 
Figure 5 Surface Topography after fatigue up to failure of the quenched 9Ni steel (left) and at mid-life for the 

10 hours tempered 9Ni steel (right) 
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4. CONCLUSIONS  

A heat treatment allowed producing two materials, which differed in their amount, nature, and location of 
austenite and matrix (quenched martensite or tempered mixture of bainite and martensite). The experiments 
showed that while higher stress levels were observed during LCF, the quenched microstructure presented a 
lower fatigue performance under the same applied strain. According to the slip marks pattern, the tempered 
steel exhibited a higher degree of cyclic deformation. Regarding the role of austenite, no obvious effect 
austenite has been evidenced and the matrix appears to play a more important job in the fatigue performance. 
Nevertheless, this remark is based on assuming a possible effect of austenite in terms of the TRIP effect. 
Ongoing research tends to suggest that another role of austenite must be considered. 
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Abstract  

A quantitative model has been developed to predict the temperature dependence of impact toughness (KCV) 
for hot rolled plane carbon and HSLA steels with a wide range of chemical composition (wt%): С(0.04-0.21), 
Mn(0.16-1.96), Si(0.01-0.93), Cr(0.01-0.97), Ni(0.01-0.51), Cu(0.02-0.45), Mo(0.001-0.50), Nb(0.001-0.056), 
V(0.002-0.09), Ti(0.001-0.08), N(0.003-0.009), S(0.001-0.032), P(0.005-0.025). The transition temperature at 
50 % of fibrous fracture (FATT50) is determined in terms of chemical composition and calculated final 
microstructure parameters. Impact energies at lower (KCVLS) and upper (KCVUS) shelves are derived from 
predicted values of tensile stress and relative elongation. All physical parameters of the model are related to 
the industrial hot rolling conditions by means of the integral computer model STAN 2000 previously formulated 
for the rolling mill 2000 of PJSC Severstal. Empirical coefficients are fitted to the data base on impact 
toughness for 230 plates of 32 steel grades in the temperature range of -60°С to +20 °С. The modelling results 
comply well with experiments. 

Keywords: Steels, hot rolling, impact toughness, microstructure, modelling 

1. INTRODUCTION 

Apart from characteristics of strength (yield stress and ultimate tensile stress) and plasticity (relative 
elongation), the temperature-dependent impact energy is a crucial property that determines reliability of steel 
constructions exploited under dynamic loads and low temperatures. Accordingly, considerable attention is paid 
to experimental studies of the impact toughness of high strength steels with various microstructures and 
chemical compositions and development of the corresponding predictive models [1-7]. 

Cold resistance of the high strength steels is often specified by the 50 % Fibrous Fracture Appearance 
Transition Temperature (FATT50). One of the first models to predict this characteristic for ferritic-pearlitic steels 
in terms of ferrite grain size, thickness of cementite plates at grain boundaries and other structural features 
was developed in [2]. Next [4, 5], the obtained dependences have been improved and empirical expressions 
for impact energies at lower (KCVLS) and upper (KCVUS) shelves were proposed for several steels with more 
complex microstructures. 

In this paper, original empirical expressions for calculating FATT50, as well as for KCVLS and KCVUS, are 
proposed depending on chemical composition, final microstructure parameters and mechanical properties of 
industrial hot-rolled steels with ferrite-pearlite and bainite microstructures. Using these physical parameters, a 
model is composed for calculating KCV as a function of temperature. 

2. INVESTIGATED STEELS AND DATA USED TO CALIBRTATE THE MODEL  

To develop the present model, a data base has been employed that covers 230 plates of 32 steels with a wide 
range of chemical composition (wt%): С(0.04-0.21), Mn(0.16-1.96), Si(0.01-0.93), Cr(0.01-0.97), Ni(0.01-
0.51), Cu(0.02-0.45), Mo(0.001-0.50), Nb(0.001-0.056), V(0.002-0.09), Ti(0.001-0.08), N(0.003-0.009), 
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S(0.001-0.032), P(0.005-0.025). Impact energies were determined at 10 temperatures in the range of -60 °С 
to +20 °С. The steels were hot rolled at the mill 2000 of PJSC Severstal and the plate thickness varied in the 
range of 2.8 to 19.5 mm. 

Microstructure parameters involved in simulations, as well as mechanical properties (tensile strength and 
relative elongation), were calculated using previously developed computer model for hot rolling STAN 2000 
[8]. All computations correspond to protocols of industrial modes of rolling and accelerated cooling. According 
to respective results, 158 of investigated plates had ferritic-pearlitic structures (volume fraction of pearlite up 
to 25 %) and 72 plates had bainitic structures (mostly granular bainite). Related mechanical properties vary in 
wide ranges: 250-780 MPa of yield stress, 360-880 MPa of ultimate tensile stress and 10-40 % of relative 
elongation. 

3. DESCRIPTION OF THE MODEL, MODELING RESULTS AND DISCUSSION 

The temperature dependence of impact toughness has been treated according to [3-5] with the mixture rule:  

      1US D LS DKCV KCV T KCV X T KCV X T ,     (1) 

 DX T - a ductile fraction of the fracture surface at temperature T (°С) 

USKCV - an upper shelf corresponding to the completely ductile fracture (   1DX T  )  

LSKCV - a lower shelf (   0DX T  ). 

Following [4,5], the ductile fraction is expressed by: 
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FATTFATT50 - the ductile-to-brittle transition temperature 
4 2k , m  . 

Apparently, the employed phenomenological model cannot explicitly follow numerous concurrent effects of 

microstructure and chemical composition on the sought parameters (FATT, 
USKCV , 

LSKCV ). Instead, to allow 

for such effects, we will make use of FATT as a characteristic most sensitive to them. To further facilitate the 
modeling, specific approximations will be applied to the upper and lower shelves of KCV. 

To determine FATT (°С) at various chemical compositions and microstructures, contributions of different 
physical mechanisms [1,2,4,5] are allowed for:   

0           

    
ss P S ppt cem

PF PE B

FATT FATT FATT FATT FATT FATT FATT

FATT FATT FATT ,
 (3) 

where successive terms respectively correspond to the contributions of: 

0FATT - constant base contribution 

ssFATT - solid solution 

PFATT , 
SFATT - phosphorus and sulphur impurities 

pptFATT - different types of precipitate particles 

cemFATT - cementite particles formed along the boundaries of ferrite grains (tertiary cementite) 

PFFATT , 
PEFATT ,

BFATT - polygonal ferrite, pearlite and bainite in the final structure. 
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Depending on quantities of alloying elements and free nitrogen in the solid solution (wt%), the second term of 
Eq. (3) is expressed by: 

7 48 26 22 4400     
freess Mn Si Cr Ni NFATT w w w w w ,  (4) 

freeNw - the content of free nitrogen calculated as: 

   
free

TiN Nb( C ,N ) V ( C ,N )

N N N N Nw w w w w , (5) 

Nw - is total content of nitrogen in steel   
TiN

Nw , Nb( C,N )

Nw , V ( C ,N )

Nw - quantify of nitrogen captured by respective particles formed both before (TiN) 

and after (Nb(C,N), V(C,N)) hot rolling. In the latter case the precipitation is located at dislocations of 
deformed austenite.  

Parameter TiN

Nw is expressed in terms of titanium content (
Tiw ) in steel: 

3 4

3 4

TiN

N N Ti N

TiN

N Ti Ti N

w w , if w / . w
.

w w , if w / . w

  


 
 (6) 

Contributions of various elements in 
ssFATT  according to Eq. (4) are close to respective estimates in [1]. 

Although the physical meaning of such terms still is not rigorously established, the effect of Si and free N may 
be attributed to diminishing the stacking fault energy in ferrite whereas growth of this energy because of Mn, 

Cr and Ni results in decreasing 
ssFATT .   

Contributions of P and S are approximated by expressions: 

0 9880 .

P PFATT w ,  0 61260 .

S SFATT w .   (7) 

Note that the effect of S is much stronger than that of P. Probably, this is due to an implicit allowance of MnS 
inclusions also reducing the cold resistance. Contributions of various precipitates are expressed as follows: 

ppt Nb( C,N ) V( C,N ) TiNFATT FATT FATT FATT ,      
(8) 

 
0 5 0 5. .

Nb( C ,N ) Nb( C ,N ) Nb( C ,N ) Nb( C ,N )FATT R f ,    (9) 

0 5 0 5. .

V ( C ,N ) V ( C ,N ) V ( C ,N ) V ( C ,N )FATT R f ,    (10) 

Nb( C ,N )R , V ( C ,N )R ; Nb( C ,N )f , Nb( C ,N )f - respectively correspond to the average radii and volume fractions 

of the related particles 

Nb( C,N ) , V( C,N )  - empirical parameters of the model  

Model calibration has resulted in 77 2 10Nb( C ,N ) .   , 72 3 10V ( C ,N ) .   (°С/nm-0.5). 

The contribution of TiN particles is represented by:  

 0 32 1000 TiN

TiN NFATT . exp w .   (11) 

To express the effect of tertiary cementite, we use expression:  

  0 50 22 140  
PF

cem .

cem C PFFATT . exp w d X ,  (12)

cem

Cw - involved carbon content 
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PF
d (m) - polygonal ferrite grain size 

PFX  - polygonal ferrite volume fraction.  

As to cem

Cw , it is determined as follows:  

0

0 0

  


 

cem * *

C C C

eff *

C C

w w , if w

w , if w
 (13)

 0 17 0 011* free free free

C C Nb Ti V Mnw w . w w w . w     , (14)

 
eq

PF

C C PFw w T  % - carbon content in ferrite at the complete transformation of austenite in continuous 

cooling 

PFT% - average temperature of ferritic transformation 
)free Nb( C ,N

Nb Nb Nbw w w  ,  free TiN TiC

Ti Ti Ti Tiw w w w   , )free V ( C ,N

V V Vw w w   - contents of free 

microalloying elements, calculated with allowance for their interaction with carbide or carbonitride 
particles 

Nbw , 
Tiw ,

Vw  - total quantities of the considered elements and )Nb( C ,N

Nbw , TiN TiC

Ti Tiw w , )V ( C ,N

Vw are their 

immobilized parts. 

Contributions of polygonal ferrite, pearlite and granular bainite, respectively, are expressed as follows: 

0 50 6
PF

.

PF PFFATT . d X  , (15)

300PE PEFATT X  , (16)

1
40 4 1

1

PE
GB C GB

PF

X
FATT w X

X

  
        

, (17)

Cw - total content of carbon 

GBX  - volume fraction of granular bainite 

Contributions of lath bainite (LB) and acicular ferrite (AF) (sometimes called as deformation bainite) are 
represented by:   

80LB LBFATT X  , 40AF AFFATT X  , (18) 

LBX , 
AFX  - volume fractions 

It is worth noting that the second term in Eq. (17) is proportional to the carbon quantity in the retained austenite 
before the bainitic transformation. This factor allows for the effect of cementite particles appearing in the 
transformed structure. However, since the LB and AF fractions were rather low in the considered steels, the 
corresponding contribution has been quantified only for the granular bainite predominating in the investigated 
structures.  

To evaluate the upper shelf level, we use expression:  

 227 0 01US TSKCV . J / cm    ,  (19)

TS (MPa),  (%) - ultimate stress and relative elongation at room temperature 

Here, the product of ultimate stress and relative elongation at room temperature reflects the virtual plastic 
work. As to the lower shelf, its invariant impact energy is employed: 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

487 

 258LSKCV J / cm . (20) 

Although Eq. (20) ignores actual KCVLS variations, the latter do not notably affect predicted FATT50. Besides, 
from the practical viewpoint, these variations as such do not matter insofar as the considered ductile-to-brittle 
transition temperature commonly limits admitted working conditions. At the same time the employed KCVLS 
seemingly overestimate the true (least) impact toughness of the lower shelf; to determine it when necessary, 
tests should be performed at lower temperatures (say, T < 80 °С).     

Figure 1 allows one to compare experimental and calculated temperature dependences of impact toughness 
for (a) ferritic-pearlitic steel S1 (0.2С, 1.24Mn, 0.42Si, 0.026Ti) and (b) steel S2 with the mostly bainitic structure 
(0.07С, 0.6Mn, 0.34Si, 0.53Cr, 0.3Ni, 0.21Cu, 0.026Nb, 0.074V, 0.018Ti). According to Figure 2 summarizing 
such results, the proposed model satisfactorily complies with experiments over the whole range of the 
considered steels. 

     

Figure 1 Calculated (lines) and experimental (dots) temperature dependences of impact toughness for 
steels (a) S1 and (b) S2 with ferritic-pearlitic (0.77PF + 0.23P) and mostly bainitic (0.97GB + 0.03LB) 

microstructures, respectively. 

 

 

Figure 2 Comparison of the calculated and measured KCV values for the investigated steels. 
<δ> is an average magnitude of the relative error. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

488 

4. CONCLUSION 

The model has been developed for evaluating impact toughness of industrial hot rolled steels with ferritic-
pearlitic and bainitic microstructures in dependence of chemical composition, combination of microstructural 
parameters and mechanical properties. All these characteristics were derived from the hot rolling conditions 
by means of previously developed integral computer model of hot rolling STAN 2000. The present modelling 
results are in good agreement with the experimental data. Average value of the relative error of calculations 
over the entire set of considered steel strips is 14.6 %. 
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Abstract 

Laser cladding (LC) technology allows produce metal-matrix composites from discrete powder materials. Data 
analysis shows that use of such technology to obtain composite materials with enhanced functional properties 
is of heightened economical interest. The paper presents the results of research aimed at study the possibility 
synthesizing dispersion-strengthened steel by hard TiN particles formed during the interaction of elemental Ti 
powder with N2 gas. It is added 5 % of VT1-0 titanium powder to the AISI H13 tool steel to form a mechanical 
mixture. Specimen was synthesized from this mixture on a substrate by laser cladding under nitrogen. Owing 
to the optical and electron microscopy, X-ray phase analysis as well as microhardness testing it was 
determined that as a result of synthesis, an alloy of steel with Ti with a lower hardness value is formed 
compared to the H13 steel deposited in pure form. Uniformly distributed nonmetallic inclusions were found, 
including titanium nitride in the form of dispersed particles. Thus, it can be concluded that before the titanium 
powder enters the melt pool, there is not enough temperature and time for diffusion processes with the 
formation of non-melting TiN particles in the steel matrix. Therefore, this phase is formed from the melt during 
crystallization. As a result, the high titanium in the form of an alloying element in steel does not lead to the 
targeted formation of a hardened metal-matrix composite but increases the plastic properties and reduces the 
quality of track formation during process. 

Keywords: Laser cladding, direct laser deposition, alloy synthesis, titanium nitriding, microstructure 

1. INTRODUCTION 

Laser cladding (LC), as well as its more modern direction, which implements the principle of additive 
technologies - direct laser deposition (DLD), has great potential in the field of synthesis of classical materials 
and new materials. Laser technologies for metal deposition have the advantage of precise local heating with 
a wide range of adjustable heating zones with a laser spot diameter from 0.5 to 5 mm, laser power from 100 
to 10000 W, laser wavelength 500-1200 nm for different types of materials, also modes work with continuous 
or pulse processing. The main purpose of this technology is the cladding of functional coatings, repair, and 
additive building of new parts with a strong metal bond of materials and a reduced heating temperature of the 
substrate. To date, extensive knowledge has been accumulated on the properties of various widely used alloys 
obtained by these technologies. Scientific papers on the following popular alloys are publicly available: H13 
steel, 316L and 304 steel, Ti-6Al-4V titanium alloy, Inconel 625 and 718 nickel alloy [1-4]. The current trends 
in the development of new materials by this method indicate a high potential for using laser technologies for 
this purpose. A huge range of rare and less popular alloys that can also be obtained by LC and DLD methods, 
for example, high-entropy alloys [5], which in terms of hardness, heat resistance, heat resistance, corrosion 
resistance, wear resistance can compete with traditional special-purpose alloys, shape memory-based alloys, 
for example, NiTi [6], alloys with dispersion hardening by solid particles, for example, WC for obtaining wear-
resistant materials [7]. 
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The aim of the work was to create a dispersion-hardened alloy using the example of steel H13 with a stable 
solid phase from TiN inclusions. Dispersion-hardened materials are those whose resistance to plastic 
deformation is determined by the deceleration of dislocations on obstacles in the form, as a rule, of nanosized 
particles. Such structures are obtained in various ways - by separating nanoparticles from a supersaturated 
solid solution (precipitation-hardening alloys), by powder metallurgy, including mechanical alloying, by internal 
oxidation and nitriding. The material of the particle is chosen from the most stable compounds - oxides, 
carbides, nitrides. 

The interaction of Ti powder mixed with a die maraging steel H13 in a nitrogen atmosphere in an amount of 5 
% in wt is investigated. That is, the effect of nitrogen on the formation of the alloy in the presence of the active 
element titanium in its pure form is evaluated.  

2. METHODOLOGY AND EXPERIMENT 

To form the H13/Ti mixture, AISI H13 steel powder produced by TLS Technik in the delivery state and VT-1 0 
titanium powder produced by «Normin» were used. The technical characteristics and appearance of the 
powders are presented in Table 1. The raw powder materials were mixed mechanically in a gravity mill for 4 
hours. The ratio of powders in the mixture is 95 % H13-5 % Ti (in wt%). The finished mechanical mixture was 
loaded into the DLD powder feeder. The cladding was carried out on a low-alloy steel substrate with a thickness 
of 5 mm. Instead of argon, high-purity nitrogen gas was used to supply the powder to the melting zone in the 
form of a gas-powder mixture and to locally protect the melting zone. 

Table 1 Powders for mixing H13/Ti 

Powder Particle size, µm Particle shape Chemical composition (w.%) 

AISI H13 45 - 90 

spherical

 

Fe - bal., C - 0.4, Si - 1.0, Mn - 0.48, Cr - 5.3, Mo - 
1.3, V - 1.0 

Ti (VT-1 0) 45 - 100 

spherical

 

Ti - bal., Al - 0.3, Si - 0.01, Fe - 0.15, O - 0.15, N - 
0.02, C - 0.021 

The laboratory setup for laser cladding, which was used for the experiment, consists of the following 
components: ytterbium fiber laser iPG LS-3, powder feeder PF 2/2, optical system (cladding head) KUKA 
MWO-1 and Fanuc M20i robot. 

LC was used to build thick-walled samples with a height of 10 mm from a powder mixture of H13-5Ti. Two 
laser powers were used in the experiment: a reduced power of 1100 W and an increased power of 1400 W. 
All other technological parameters were fixed, and they are indicated in Table 2. The samples were cut, and 
metallographic sections were made from them in two directions: parallel (XY) and perpendicular (XZ) to the 
growing direction. Chemical etching of metallographic sections was carried out in a solution of 10 ml HNO3, 30 
ml HCl and 40 ml H2O. Photos of the microstructure were obtained using a Leica optical microscope. Chemical 
analysis was carried out on SEM Tescan Mira 3 electron microscope with EDS attachment. X-ray phase 
analysis was carried out on Bruker D8 Advance diffractometer. Quantitative phase analysis was performed 
using TOPAS5 software. 
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Table 2 DLD parameters for growing samples from elementary powders from H13-5Ti  
mixture in nitrogen atmosphere 

Cladding parameter Parameter value 

Speed of movement 10 mm/s 

Powder feed 15 g/min 

Shielding gas-nitrogen 15 l/min 

Transportation gas-nitrogen 6 l/min 

Laser power 1100 and 1400 W 

Lifting height 0.6 mm 

Offset 50 % 

Laser spot size 3 mm 

3. RESULT AND DISCUSSION 

As a result of the experiment, two thin-walled samples were obtained from a mixture of H13-5Ti (Figure 1). 

SEM photos of the non-etched structure showed the presence 
of inclusions evenly distributed over the entire volume of the 
material. The inclusions in the sample grown at a power of 
1100 W are evenly distributed in the matrix of the base material 
and their size does not exceed 1 µm. In the sample grown at a 
power of 1400 W, there are larger phases of 1-2 microns. The 
image of the microstructure is shown in Figure 2. Some 
inclusions have a square shape characteristic of TiN nitrides, 
and the formation of TiCxNy carbonitrides is also possible 
under experimental conditions, but only titanium nitrides were 
determined by the XRD result. Authors of the work [8] report 
that micron-sized TiN emissions contribute to the mechanism 
of steel failure by acting as sites of voids or cracks. However, 
in this case, their role in the destruction mechanism was 
reported only for micro-sized TiN secretions [9]. It was reported 
that cubic or rectangular secretions with sizes from 3 to 90 nm 

are more effective than spherical secretions in terms of grain growth retardation and increased strength 
characteristics. Therefore, it can be concluded that the target state of titanium nitride inclusions in steel should 
be nanoscale particles. 

a)  b)  

Figure 2 SEM images of a thin-walled sample in the XZ direction, where a is a sample at a laser power of 
1100 W, b is a sample at a laser power of 1400 W 

Figure 1 Thin-walled samples grown 
from a powder mixture of H13-5Ti in a 

nitrogen atmosphere at a laser power of 
1100 W (front sample), of 1400 W (back 

sample) 
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Figure 3 Map of the distribution of elements in the synthesized sample 

The distribution of chemical elements in the sample was obtained by the EDS method. Figure 3 shows that 
the main component of the inclusions is titanium. The total chemical composition of the material is shown in 
Table 3. 

Table 3 Chemical composition of samples obtained by laser cladding from a mixture of H13-5Ti 

Element Si K Ti K V K Cr K Fe K Mo L 

Weight % 1.08 4.88 1.11 5.42 85.70 1.82 

Atomic % 2.11 5.60 1.19 5.73 84.33 1.04 

The microstructure of the etched samples, which is shown in Figure 4, has no significant differences when 
changing the laser power or the direction of the study. The structure in the XY and XZ directions also does not 
differ, which is an interesting result, since the typical structure of the sample obtained by the PLV method has 
a pronounced texture corresponding to the direction of grain growth towards the heating source, usually at the 
Z coordinate (up). 

a)  b)  

c)   d)  

Figure 4 Microstructure of thin-walled samples in an optical microscope at x200 magnification, where  
a - 1100 W, XY direction, b - 1100 W, XZ direction, c - 1400 W, XY direction, d - 1400 W, XZ direction 
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The microstructure of the sample consists of equiaxed dendrites of the first and second order without a 
pronounced orientation of the growth direction. There are also areas with a grainy structure in the photographs. 
The average size of the structural components for a sample grown at a laser power of 1100 W is 5 - 10 µm; 
with an increase in the laser power to 1400 W, the size of the structural components increased to 30 µm. This 
type of mixed structure and its size is typical of H13 steel obtained by direct laser deposition [10]. Often the 
structure of this steel obtained by the DLD method has the same (but several components) structure within a 
single track [1]. Additional mechanical alloying of titanium powder with elemental elements significantly 
reduced the homogeneity of the structure of steel H13 within each individual track due to high cooling rates 
during additive building. This effect does not allow the full extent of diffusion mixing processes. For the same 
reason, there is no clear boundary between each single track. 

a)  b)  

Figure 5 Emerging defects during thin-walled sample building: pores with unmelted powder, and long-
range boundary inclusions 

The addition of titanium powder to steel H13, as well as a nitrogen atmosphere, significantly reduced the quality 
of multilayer samples under the same technological conditions that are used for this steel. Defects 
uncharacteristic for the H13 alloy were found - unmelted powder, pores, and boundary inclusions of a large 
extent (Figure 5). Since LC occurred only with local protection of the melting zone, titanium could form phases 
with oxygen in the air. To 
make sure that the nitride 
inclusions were formed, an 
XRD analysis was performed 
(Figure 6), since the EDS 
analysis cannot determine 
the nitrogen content. The 
analysis showed that in 
addition to the main phase of 
α-Fe, there is a small reflex in 
the region of 410, which is 
probably associated with the 
presence of a small amount 
of TiN with the HCC 
structure. The TiN phase was 
detected in the sample 
obtained at a power of 1400 
W, and this phase was not 
observed on the 
diffractogram at 1100 W, 
probably due to its low 
content. 

a)  

b)  

         Figure 6 XRD of thick-walled samples, a-1100 W, b-1400 W 
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Typical hardness of H13 steel obtained by LC or DLD for single tracks is 400-650 HV [11], 500-800 HV 
[Wolosz2020] and for multi-layer coatings 500-650 HV [12]. Since the introduction of a large amount of titanium 
in carbon alloy steel reduces the hardness and strength characteristics. Since, in addition to the formation of 
nitrides, titanium binds carbon into resistant carbides, which do not participate in the processes of dispersion 
hardening.  

 

Figure 7 Influence of laser power on specimen hardness in two directions 

Figure 7 shows the results of the hardness values in the XZ and XY directions, which indicate a significant 
decrease in this characteristic compared to a material without the addition of titanium. The change in the laser 
power mainly affected the difference in hardness in two different directions. With an increase in the laser power, 
the cooling time of the deposited track correspondingly increases, which reduces thermal stresses inside the 
material, which affect the hardness. 

4. CONCLUSION 

The main result of the work is that during the synthesis of an alloy from a mechanical mixture of steel H13 and 
titanium powder in a nitrogen atmosphere, titanium nitrides are formed. TiN inclusions are formed from the 
liquid phase after the powder mixture is remelted in a molten bath and titanium is bonded with nitrogen at a 
high temperature. The size of the inclusions, predominantly located along the grain boundaries in the steel 
matrix, is 1-2 µm. Mechanical properties, namely the hardness of the samples, significantly decreased and 
amounts to 240-280 HV, depending on the direction of research and laser power. The results of the work show 
the possibility of practical application of the nitriding method in the process of laser cladding and direct laser 
growth with the formation of dispersion-hardening particles. 
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Abstract  

Nowadays the use of laminated composites in various industries is becoming popular. Unlike single layer 
materials, laminated materials are characterized as more durable, corrosion resistant, technological materials 
for the production of parts for various purposes. The research considers laminated materials made of aluminum 
alloys. It is proposed to use aluminum alloys of 1xxx, 2xxx and 5xxx series. Products made of aluminum 
laminated composites will be widespread in such industries as: 1) Aircraft construction. Aviation equipment 
has high requirements for mechanical and operational properties: aircraft must withstand heavy loads at 
constant temperature drops, be light and resist the corrosion. 2) Space construction. There is an actual 
problem of technogical contamination due to explosions of space objects, as well as the possibility of 
widespread use of hydrogen liquefied fuel, which is not common at present. Also, it is necessary to increase 
the strength of metallic materials, trying to reduce their weight to save fuel. 3) Automotive industry. Also, it is 
worth touching on the environmental problem: with an increase in the weight of the car structure, the level of 
fuel consumption increases. With a decrease in the weight of the car while maintaining the strength 
characteristics, it will not only improve the environmental situation, but also make the car safer in operation. In 
the works of Russian and foreign scientists, insufficient attention is paid to the technologies for processing 
aluminum alloys using asymmetrical deformation. This is a confirmation of the incomplete study of this problem 
and is a task of current interest. 

Keywords: Asymmetric deformation, aluminum alloy, equivalent deformation, severe plastic deformation 

1. INTRODUCTION   

Today laminated metals are an alternative substitution for alloyed monometals. Alloys of such kind are widely 
used in various industries: from space technology to the chemical industry. They have special physical and 
mechanical properties, because they combine the parameters of two or more components. High corrosion 
resistance, commensurate strength and plasticity, manufacturability will allow laminated materials to withstand 
not only high loads, but also exploitation conditions in corrosive environments without significant changes in 
strength characteristics. Methods for obtaining laminated materials are diverse: welding, casting, surfacing and 
plastic deformation. The last mentioned method is most common in metal forming, such as stamping, forging 
or rolling. However, there are difficulties in preparing the surface of metals for a durable joint and the formation 
of transitional or diffusion layers. The complexity of obtaining a durable transitional layer depends on the types 
of joint metals, their ability to form protective oxide films, the possibility of removing films, protecting the surface 
from their formation and destruction during plastic deformation. Joining processes can also be accompanied 
by the formation of intermetallics, which adversely affects the properties. 
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In this regard, one of the most suitable materials for the production of laminated composites is aluminum and 
its alloys. When welding two types of aluminum alloys by pressure, it is important to choose the right method 
for cleaning the surface from external contamination and oxide films, as well as the value of reductions and 
heat treatment. 

The offered aluminum sheet laminated composites can find their application in automobile, aircraft and rocket 
industry. In this case, environmental issues are acute. It is necessary to create such constructions that will 
reduce the weight of the finished product. This will reduce fuel consumption in the listed industries. Moreover, 
it will reduce emissions of harmful substances into the atmosphere. Correctly selected processing will allow 
obtaining a high level of strength and plastic characteristics in aluminum alloys. Such type of processing is the 
methods of severe plastic deformation (SPD).  

SPD in research is presented in the form of asymmetric deformation. It includes asymmetric rolling, asymmetric 
accumulative rolling and asymmetric cryogenic rolling [1-3]. The purpose of these methods is to obtain a nano- 
or ultrafine-grained gradient structure. The properties of the metal after such processing show an increase in 
strength, wear resistance, combined with preservation or even an increase in the value of ductility. Moreover, 
it becomes possible to process long products, which was rather difficult to produce by other SPD methods, for 
example, with equal-channel angular pressing (ECAP) or high pressure torsion (HTP) [4-11]. 

However, asymmetric deformation methods have some limitations. Large shear deformation can lead to high 
heterogeneity. In turn it can lead to the formation of defects - flaws, cracks and pores. In the laminated material, 
additional delamination may appear along the weld. To solve these problems, it is necessary to select 
technological regimes, according to which the coefficients of friction, rolls speed ratio, preliminary heat 
treatment (heating or high-speed cooling) will correspond to defect-free processing and rectilinear exit of the 
metal from the deformation zone (taking into account asymmetry). 

2. RESEARCH METHOD AND USED MATERIALS 

The aim of this work is to analyze the model of asymmetric deformation of aluminum alloys.  We ought to 
determine the parameters that simultaneously allow to ensure the straightness of the exit from the deformation 
zone and to get the required gradient structure of each of its constituent layers. In case of severe plastic 
deformation (in paper there are asymmetric rolling of sheet laminated material and asymmetric accumulative 
rolling), it is necessary to comply with the structure transformations. It includes the achievement of equivalent 
deformation values more than 3 [12], which will allow obtaining high values of strength and ductility. This is 
due to the formation of shear and rotation angles, which give an increase in the shear deformation with the 
formation of a simple and pure shears, and obtaining a fine-grained structure (the level of ultrafine-grained and 
nano). 

The analysis was carried out with the use of Deform 2D software package. The research shows the example 
of asymmetric deformation of aluminum alloys 1070 and 5083, the chemical composition of which is presented 
(Table 1).  

Table 1 Chemical composition of aluminum alloys 1070 and 5083 

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al 

1070 0.15 0.16 0.01 0.03 0.02 - 0.04 0.01 99.7 

5083 0.091 0.285 0.027 0.682 4.479 0.104 0.014 0.007 94.282 

The initial material was a laminated sheet composite made of aluminum alloy 5083/1070, with a thickness of 
2 mm. Rolling was carried out without tension. The diameter of the absolutely rigid rolls was 250 mm, the 
coefficient of friction varied from 0.1 to 0.4. The degree of deformation was assumed to be 50 %. The speed 
of the rolls during symmetric rolling was 1.047 rad / s. The rolls speed ratio during asymmetric deformation 
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varied within the range of 10 % - 50 %. The conditions for joining two layers of dissimilar aluminum alloys were 
defined as "gluing", implying their mechanical welding during deformation. In most models, there is a deviation 
in straightness, which causes bending at both the front and rear ends of the strip. Factors most affecting the 
bending of the metal: coefficient of friction, the value of rolls speed ratio, the type of material being processed.  

3. RESULTS AND DISCUSSIONS 

The values of the effective strain in the layered sheet composite were analyzed separately for each of its 
constituent metals, as well as in the middle layer. The calculation of the parameters of the middle layer was 
carried out by analyzing the middle points of contact between two alloys. The properties of this layer are very 
different from the alloys of which it is composed. In order to obtain an optimal processing of the metal joint, it 
is necessary to take into account the peculiarities of both alloys and to exclude the possibility of the defects 
formation in the middle layer. The main disadvantage of the middle layer in aluminum alloys is the practical 
impossibility of obtaining the same values of ductility and strength in comparison with the base metals. 

Middle layer is deformed less than aluminum alloys 1070, but more than 5083 in the all cases of a rolls speed 
ratio (Figure 1). For clarity, when formation the graphs, we did not take into account the thickness difference 
of the layers in the composite and the size of the middle layer. The effective strain was estimated from the 
points of the deformed mesh located in the same plane.  

 

a 

 

b 
Figure 1 The dependence of the effective strain and the Lagrange grid high change during 1 cycle of 

accumulative roll bonding (a) and 2 cycle of accumulative roll bonding (b) of aluminum composite 5083/1070 

 

Figure 2 The dependence of the equivalent (accumulated) deformation and the shear angle φ during 
asymmetric deformation of a laminated sheet composite 5083/1070 
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An assessment was made of the rolls speed ratio and the average value of the effective strain over the 
thickness of the strip. During the first cycle the deformation indices of the monotonic middle layer change up 
to the values of rolls speed ratio to 50 %. But values of effective strain indicate impossibility of getting into the 
area of severe plastic deformation (e ≤ 3). In this case it is necessary to carry out the second processing cycle 
of accumulative roll bonding to achieve effective strain values to get into the area of severe plastic 
deformation (in research e = 4 …8 in second cycle).  

Based on the results of the research, it is possible to determine the ratio of accumulated deformation and shear 
angle φ during asymmetric deformation of an aluminum laminated sheet composite 5083/1070. The threshold 
value of deformation in conjunction with a shear angle φ of more than 65˚ makes it possible to determine the 
rational area of implementation of the process of asymmetric deformation in the regime of severe plastic 
deformation (Figure 2). 

An experimental verification of the obtained results is going on the asymmetric rolling mill 400 of the Zhilyaev 
Mechanics of Gradient Nanomaterials Laboratory (NMSTU). Presented equipment is a reversible two-roll 
single stand with individual drive of work rolls with a maximum allowable rolling force of 2500 kN (Figure 3). 
The work roll diameter is 360 mm and the maximum rolling speed is 15 m / min. This mill can process both 
ferrous (steel) and non-ferrous (aluminum, copper, titanium) metals and alloys. 

 

Figure 3 Rolling mill 400 of the Zhilyaev Mechanics of Gradient Nanomaterials Laboratory (NMSTU) 

Preliminarily, layered samples of aluminum alloys were obtained by symmetric and asymmetric deformation to 
confirm the mechanisms of the process. In this case, aluminum alloys of the 5th series were used, of which a 
layered composite was made. Before processing the laminated material, the surface of the joint was prepared: 
the samples were cleaned with an abrasive (sanding paper), and also degreased with solvent. The main 
parameters of rolling of the 5th series are presented in Table 2.  

Table 2 Input and output parameters of processing aluminum alloys of the 5th series on the asymmetric rolling 
mill 400 

Sample № of 
cycle 

Initial 
thickness, mm 

Rolling 
force, kN 

Roll gap, 
mm 

Speed of 
top roll, 

rpm 

Speed of 
bottom roll, 

rpm 

Thickness 
after rolling, 

mm 

1 1 4 912 2 4 4 2.1 

2 1 4 490 2 4 2.2 2.0 

3 1 4 490 1.9 4 2.1 1.9 

4 2 3.8 509 1.8 4 2.2 1.8 

5 1 4 490 1.8 4 2.1 1.9 

6 2 3.8 372 1.8 4 2.1 1.8 
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As a result, sample 1 was destroyed during processing, the metal layers were not welded to each other, in 
addition, a gust formed in the middle of the sample (Figure 4 a). Asymmetric rolling is characterized not only 
by a decrease in the formation of defects (all samples showed good pressure weldability), but also by a 
decrease in rolling forces. When processing samples 1 (with a symmetric case) and 2 (with asymmetry) 
(Figure 4 b), the rolling force decreased by 421 kN (by 46 %). During the accumulation rolling 
process (samples 3-6) (Figures 4 c, d), the rolling force also noticeably decreased - from 510 kN to 372 kN 
during processing the 5th series. In this case, the reason for the decrease was cutting the side edges of the 
sample. In this case, the reduction varied from 50 % to 57 % per pass, and the total degree of reduction was 
more than 105 % (for 2 cycles). Rolls speed ratio ranged from 45 % to 50 % depending on the pass. After all 
processing cycles, Brinell hardness test was carried out on the EMCO TEST M4C / R G3 hardness tester. 

  
a b 

  
c d 

Figure 4 Samples of aluminum alloys after symmetric and asymmetric deformation  
(a - sample 1, b - sample 2, c - sample 5, d - sample 6) 

The average hardness of the processed sample of the 5th series after two accumulative rolling cycles 
(Figure 4 d) was 147 HB from the upper surface, 145 HB from the lower surface, the hardness of the initial 
material was 81.8 HB. So the hardness of the 5th series alloy increased in 1.8 times. 

4. CONCLUSION 

Computer simulations were carried out using the finite element method. It is shown that the achievement of 
the maximum value of the equivalent deformation is possible in a contact of sample with the rolls. The values 
of the equivalent deformation of the transition layer are lower than in the base metals. Getting into the SPD 
area is possible after the 2nd cycle of the asymmetric deformation process. A deformation gradient can be 
achieved in all layers of the material by following the established rules: asymmetric deformation with a friction 
coefficient of 0.3; minimum value of the rolls speed ratio V1 / V2 = 40 %; at least 2 processing cycles are 
required to get into the SPD area for the processing by the method of asymmetric deformation.  

Experimental verification of the obtained results was carried out on the asymmetric rolling mill 400 of the 
Zhilyaev Mechanics of Gradient Nanomaterials Laboratory (NMSTU). According to preliminary verification 
results, the mechanisms of asymmetric deformation were confirmed when using samples of the 5th series. It 
is shown that the use of asymmetry makes it possible to reduce the formation of defects and reduce the rolling 
forces. When processing samples 1 (with a symmetric case) and 2 (with an asymmetry), the rolling force 
decreased by 46 %. The hardness was measured by the Brinell method on the EMCO TEST M4C / R G3 
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hardness tester. The averaged values showed an increase in hardness in 1.8 times after two cycles of 
asymmetrical deformation. 
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Abstract 

The resistance spot welding of the Nimonic alloys is a critical technology by manufacturing of components 
used for nuclear and aeronautical industry, as well as for the chemical and the petro-chemical domain. The 
mechanical properties and the corrosion resistance can be affected by the heat - mechanical shock caused by 
the welding cycle. The present paper reveals the positive effect of the heat treatment, applied before and after 
welding process, on the mechanical properties of the welded joints. Destructive tensile tests, shearing stress 
measurements and metallographic investigations were performed to evaluate the quality of the welded joints. 

Keywords: Heat treatment, Nimonic 80 A alloy, mechanical tests, resistance spot welding 

1. INTRODUCTION  

The Nimonic 80 A alloys are part of the materials hardened by aging heat treatment and are used in the gas 
turbine construction and for parts which are working in significant thermal conditions from the nuclear or 
automobile industry. Their exploitation properties depend on the type, quantity and the distribution of the 
precipitate phases, of the dislocation structure and the dimension of the grains and sub-grains [1,2]. The crystal 

lattice of the solid solution γ matrix is cubic face-centred, a property that provides good deformability 
characteristics. When welding these materials, three main difficulties appear [3,4,6]: 

 deterioration of the mechanical characteristics of the heat affected zone after welding; 

 cracking at reheating;  

 hot cracking in the partial melted area. 

A fundamental role in avoiding or minimizing these events have the heat treatments applied before or after the 
welding operation. The present work proposed some heat treatments specific for spot welding of sheets with 
the thickness of 1.6 mm. 

2. EXPERIMENTAL PROCEDURES  

2.1. Welding and heat treatments 

The sheets with the thickness of 1.6 mm of Nimonic 80 A alloy material were welded by resistance spot process 
in order to determine the optimal parameters that gives a technological process that is reliable and repeatable, 
resulting a superior quality of the welding [6]. The validation of these parameters was done by mechanical 
tensile and de-buttoning tests followed by metallographic investigations to reveal the welded nucleus, 
Figure 1, and their fracture behavior. The optimal values of the technologic parameters are shown below: 

 welding current:  Is =5.5 - 6.2 kA; 
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 welding time: ts = 15 - 20 p; (1p = 0.02s); 

 pressing force: Fap = 430 - 470 daN; 

 equipment electrode diameter: de = 6.0 - 6.5 mm; 

 current density: j = 180 - 215 A/mm2; 

 specific pressure: p = 135 - 160 N/mm2. 

 

Figure 1 The macroscopic aspect of the welded joint 

Some samples were welded joint without a heat treatment and others were heat treated before and after the 
welding process. These heat treatments were performed in an oven Therma V22, presented in Figure 2.  

   

Figure 2 Industrial heating oven, THERMA V22 

Before welding a solution, treatment was applied consisting of a heating at 1150ºC for two minutes followed 
by cooling in air, these having as purpose to obtain a recrystallization of the rough structure, a dissolving of 
the secondary phases and a reduction of the internal stresses. The heat cycle of the heat treatment is 
presented in Figure 3.  

The next step was the welding of the sheets. Some of the samples were not heat-treated and some were 
solution treated according to Figure 3 diagram. After the solution treatment, the surface of the samples was 
covered with a nickel oxide layer, very compact and adherent, of green color, very hard to be mechanically 
removed. To avoid its influence on the welding process it was removed by polishing with a fine rough disc, on 
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both contact surfaces in the area that was supposed to be welded. The used technological parameters are 
present in Table 1. 

 

Figure 3 Thermal cycle diagram of the solution treatment 

      

Figure 4 The thermal cycle diagram of the primary aging treatment 

Table1 The welding parameters     

Current, kA Voltage, U Cycle time, p=0.02 s 

5.8 0.94 15 

The heat treatment applied after welding consisted in a solution treatment, at the values from Figure 3, 
followed by a double aging treatment, first one at 925ºC with 70 minutes maintaining and cooling in air 
(Figure 4), and the second, at 750ºC with 240 minutes maintaining and cooling in the air (Figure 5). These 
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heat treatments followed the microstructure recrystallization of welded zones and an improvement of the 
mechanical properties. 

 
Figure 5 The thermal cycle diagram of the secondary aging treatment 

2.2. Mechanical tensile destructive tests 

In Figure 6 can be seen some examples of welded samples obtained by the used joining technology.  

        

Figure 6 The aspect of the welded samples (detailed welding point) 

The experimental shear tests of the spot welded joints were realized with the Zwick/Roell equipment,  
of 250 kN. The testing temperature was 18 oC. The samples were placed on the device with the help of the 
hydraulic fixing elements at a distance of 110 mm, this being the reference distance of the deformation.  
The measurements were done at a speed of 0.1 mm/minute, the force being registered by the measuring 
device that has a precision rate of 0.1 %. The recorded deformation was taken as a displacement of the 
transverse beam of the testing equipment.  [5] 

In Figure 7 there are presented the force-deformation diagram for the welded Nimonic 80A sheets with and 
without the heat treatment. In all cases the fracture took place is in the welded nugget (nucleus) and it is 
determined by its shear under the tensile-shear force.   
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Figure 8 presents the macroscopic aspect of a sample treated and not heat treated after the tensile-shear 
test. The obtained results are presented in Table 2. It can be observed that by the samples that are not heat 
treated the tensile strenght is at 10 000 N and the shear stress is at 390 MPa; by the heat treated samples the 
tensile strenght increases at 12 000 N and the shear shear at 530 Mpa.  

Table 2 Results of the tensile-shear measurements 

Structural phase 
Samples size        
L x  b x s, mm 

Force 
Fmax., N 

Elongation 
max. 
mm 

Nugget Diameter Shear tension 
Ζf, MPa dn, mm A, mm2 

Samples not heat  treated 
400 x 22.5 x 1.55 10429 1.018 5.8 26.40 395 

Samples with heat 
treatment 400 x 22.5 x 1.55 12192 0.765 5.4 22.89 532 

 

Figure 7 Tensile diagrams F = f (∆L):a - samples not heat treated; b - samples heat treated 

Figure 8 presents the macroscopic aspect of the fractured samples. In all cases the rupture took place by 
shear in the welded point.  

a)          b)  

Figure 8 Aspect of the samples fracture (detail) a- not heat treated; b-heat treated  
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The examination of the fractured surface of the welding nugget using electronic microspcopy shows that even 
if the applied heat treatments decreases the ellongation, the plastical reserve of the welded joint remains high, 
meaning a ductile behavior which is preceeded by a larger plastical deformation (seen in Figure 9). 

    
                                 -a-                                                                                          -b- 

Figure 9  SEM micrograph, x 500, of the fracture surface on the welding nugget  a - without heat treatment; 
b - with heat treatment 

3. CONCLUSION 

The heat treatments applied after the welding of Nimonic 80A alloys provides a significative improvement on 
the mechanical resistance characteristics of the welded joints ( the shear stress increases with 37 %). 

The fracture of the welded samples takes place in the welded nucleus and it is determined mainly by shear 
phenomen produced under the tensile-shear force. 

The metalographic examination of the fracture surfaces highlights the presence of a large number of ductile 
cleavage steps and cracks that branches forming a “river spectrum”. 
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Abstract 

The CORODUR 65 alloy delivered in the form of flux-cored wire electrode was deposited by TIG welding 
process on the surface of a duplex stainless steel in order to improve the cavitation erosion resistance of the 
technical components which are working in aggressive environments. Cavitation tests were performed using 
ultrasonic vibrating equipment that meets the requirements of the ASTM G32 - 2010 standard. The 
microstructure of the deposited layers consisted of complex carbides in a hardened alloy matrix with Cr solid 
solution which provides a high hardness and a significant increase of the cavitation erosion resistance 
compared to the base metal. 

Keywords: Alloy Corodur 65, TIG welding, cavitation resistance, microstructure 

1. INTRODUCTION 

Today, industrial demand for complex, high-quality engineered structures frequently requires the selection and 
use of materials with improved properties to manufacture each individual component. In many applications, 
specific properties are only locally required and therefore are achievable through co-atings and surface heat 
treatments [1,3,4]. Duplex stainless steels exhibit excellent pitting corrosion resistance (PREN ˃  40), high yield 
strength, good machinability and lower cost price due smaller nickel content. These properties make them 
attractive for applications in the mining, chemical, food and marine platform industries. Their drawback is 
related to a lower cavitation erosion resistance compared to other stainless steels, a phenomenon due to the 
presence of ferrite in the microstructure and of the interfaces between ferrite and austenite [4, 10]. The welding 
hard-facing technique, frequently used for refurbishing parts in service, is an efficient way to increase 
resistance to various forms of wear and corrosion [5-8]. The present paper aims to investigate the role of TIG 
pulse welding deposited layers of Corodur 65 alloy on the surface of Duplex stainless steels to improve 
resistance to cavitation erosion. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The material selected for the substrate is Duplex X2CrNiMoN22-5-3 stainless steel subjected to solution 
treatment at 1060 C with cooling in water. A self-protecting tubular wire, Corodur 65 - DIN EN 14700, with Ø 
= 1.6 mm, was used as filler material. The chemical composition of this electrode wire contains elements 
(Cr,W,Mo,V,Nb) that form hard and wear-resistant carbides [9]. For deposition of the 1 - 4 layers, whose 
thickness was 1.5 - 4 mm manual TIG welding in pulsed current was proposed, considering the small 
dimensions of the samples. Subsequently, samples were taken for cavitation tests and metallographic 
analysis. The shape and dimensions of the cavitation samples is shown in Figure 1. It should be noted that 
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before cavitation the surfaces with the deposited layers were ground and polished to a roughness Ra = 0.2 
µm. 

The cavitation experimental research program was carried out on the vibrating apparatus with piezoceramic 
crystals (double vibration amplitude = 50 μm, vibration frequency = 20000 ± 2 % (in Hz), power of the electronic 
ultrasound generator = 500 W), within the Cavitation Erosion Research Laboratory from Politehnica University 
of Timisoara [1]. The procedure used during the experimental program is that prescribed by ASTM G32-2016 
[2], and supplemented by laboratory custom [1], in terms of total test duration (165 minutes), intermediate 
mass loss determination durations (one each of 5 and 10 minutes and 10 at 15 minutes each), and of the 
approximation mode of experimental points by analytical averaging curves [1,3]. 

 

Figure 1 Cavitation Sample 

According to laboratory rules, before and at the end of each intermediate period of exposure to cavitation, the 
samples were washed successively in a jet of tap water, distilled water and acetone, then dried in a stream of 
hot air and weighed on an analytical balance (precision 10-5 grams). After weighing, surfaces exposed to 
cavitation erosion have been visually examined and photographed with a high-resolution Panasonic camera. 

At the end of the 165 minutes of exposure to cavitation, the samples were analysed under a Leica DM2700M 
optical and scanning electron microscope TESCAN VEGA 3LMU Bruker EDX Quantax, in order to identify the 
degradation of the structure of the layers deposited by welding under the stress of the cavitation microjets, 
generated in the hydrodynamic process by the implosion of the created cavitation bubbles. 

3. EXPERIMENTAL RESULTS 

3.1. Cavitation curves 

In Figures 2 and 3 are shown the diagrams of the experimental values and analytical approximation curves 
for the cumulative mass losses (Figure 2) and for the velocity related to these losses (Figure 3), characteristic 
for the TIG-welded Corodur 65 layers and Duplex stainless steel substrate. 

Note: the experimental values (marked by points of different shapes to differentiate the number of layers 
deposited by TIG welding) are averages of those obtained on the three samples in each set. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

510 

In order to highlight the behaviour and cavitation resistance of Corodur 65 layers, in the two diagrams are 
shown the experimental values and the averaging curve for the substrate material (Duplex stainless steel 
X2CrNiMoN22-5-3 subjected to solution treatment at 1060 C, cooled in water). 

The findings resulting from the diagrams shown in Figures 2 and 3 are: 

- the evolution of the mass loss curves (Figure 2), with linear variation starting at minute 75, and of the 
erosion rates, with a tendency to stabilize at the maximum value after the same exposure time, suggest, 
as stated in [4,5,10], that the strength of the layer is high, specific to surfaces with high hardness, 
relatively fine structure and homogeneous dispersion of the mechanical properties in the volume of the 
deposited layer; 

- the dispersion of the experimental values of the erosion rates towards the mediation curve (Figure 3) is 
the expression of a fine-grained structure [1], which leads to an increased resistance to cavitation 
erosion; 

- comparison with the substrate material, the curves marked with 1, show that: 

 the increase in strength expressed by the total mass value (Mmax, after 165 minutes) varies from 
4.01 to 8.1 times, depending on the number of layers; 

 the increase in strength, as a function of the number of layers deposited by TIG welding, 
expressed by the value towards which the erosion rate tends to stabilise (vs) after 165 minutes of 
cavitation attack, varies from 3.9 to 7.7 times; 

 growing number of layers deposited by TIG welding leads to increased resistance to cavitation. 
The surfaces with 3 and 4 layers have approximately identical behaviour and strengths, higher 
with (80...100) % than the surface with one layer and with (39...50) % better than the surface with 
two layers.  

 fact that the differences in behaviour and resistance to cavitation erosion between 3 and 4 layer 
surfaces is insignificant shows that any increase in the number of layers beyond 3 is 
uneconomical. 

 
Figure 2 Evolution of mass loss with cavitation attack duration 
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Figure 3 Variation of erosion rate with duration of cavitational attack 

4. MACRO - AND MICROGRAPHIC EXAMINATIONS 

4.1. Macrographic examinations 

Figure 4 shows the macrographic images, obtained with the Panasonic A 450 camera, of the surface of the 
samples after significant durations of exposure to cavitation erosion, revealing the surface degradation, in 
accordance with evolution of the curves from Figures 2 and 3. 

It is observed that after 75 minutes of cavitation, the eroded area is complete in size, the evolution being only 
in depth, and dependent on structural granulation. 

Number of 
layers 

30 min 75 min 120 min 165 min 

1 

    

2 
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Number of 
layers 

30 min 75 min 120 min 165 min 

3 

    

4 

    
Figure 4 Macroscopic aspect of the sample surface after each period of cavitation attack 

4.2. Topography of surfaces eroded by cavitation 

In Figures 5 a and 5 b are shown the SEM images of the samples surface with 1 deposited layer and 3 
deposited layers, respectively, which were tested by cavitation erosion for 165 minutes. In both situations, 
carbide particles were preferentially removed as a result of initial deformation and crack generation at the 
particle-austenitic matrix interface. As a consequence, this plastic deformation causes the initiation and 
propagation of fatigue microcracks, which ultimately lead to fatigue failure and material erosion. 

  
a) b) 

Figure 5 SEM images of cavitated surfaces: a - 1 layer deposited; b - 3 layers deposited 

5. CONCLUSIONS  

TIG welded Corodur 65 layers help to increase the surface strength of X2CrNiMoN22-5-3 stainless steel 
subjected to solution treatment at 1060 C, cooled in water. 
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Compared to the base metal, as number of deposited layers (from 1 to 3) increases, there is a decrease of 
4.01 - 8.1 times in mass loss and a reduction of 3.9 - 7.7 times in erosion rate. 

As a result of the dilution of the filler material with the base metal when depositing a single weld layer, the 
amount of carbides formed is somewhat lower, the hardness has slightly lower values and consequently the 
resistance to cavitation erosion will be slightly lower. 
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Abstract  

Cavity erosion is a complex and localized phenomenon involving mechanical, chemical and metallurgical 
parameters. The development of new materials depends on understanding the relationship between 
microstructure and cavity erosion. This paper investigates the role played by the chemical composition and 
microstructure on the erosion behavior through the cavity of high alloy steel 25Cr - 20Ni cast in parts. The 
cavitation tests were performed using an ultrasonic vibrator at a frequency of 20 kHz and amplitude oscillation 
amplitude of 50 µm. The surface of the eroded samples was examined under an optical microscope and an 
electron scanning microscope. It is performance is compared to that of cast martensitic stainless steel, 
GX10Cr13  

Keywords: High Cr-Ni cast stainless steel, cavitation erosion, microstructure 

1. INTRODUCTION 

Stainless steels are usually classified as “corrosion-resistant” when used in aqueous and vapor environments 
below 650 °C and as “heat-resistant” when used above this temperature [1]. The usual distinction between 
classes of heat and corrosion resistant cast steels lies in the carbon content. For a stainless steel cast to work 
well in a corrosive environment, the carbon content must be reduced. Brands of heat-resistant steels have 
high carbon contents to improve their resistance to high temperatures [2]. The chemical composition and 
microstructural differences between the rolled and cast versions of stainless steels can affect their 
performance. Although some brands of stainless steels cast in parts can be hardened by applying the heat 
treatment of hardening for solution followed by aging by tempering, the mechanical properties of most of these 
alloys are based on their chemical composition [3]. 

Stainless steels cast in parts generally have a corrosion resistance similar to that of laminated equivalents, but 
may become less resistant to corrosion by cavity erosion due to localized contamination, micro segregation or 
lack of homogeneity [2]. For example, the quality of the mold can cause superficial compositional changes that 
influence performance, and the uptake of carbon by mold release agents can affect the resistance to corrosion 
and erosion by cavitation [3]. 

Chromium and nickel are the main alloying elements that determine the structure, mechanical properties, 
corrosion resistance and heat resistance of stainless-steel castings. Increasing the carbon content in these 
alloys improves mechanical strength at high temperatures and creep resistance but reduces ductility. In 
contrast, carbon can be harmful to corrosion resistance when combined with chromium to form chromium 
carbides along grain boundaries [4]. This reduces the chromium adjacent to the grain boundary (sensitization) 
and can lead to corrosion of chromium-depleted areas (intergranular corrosion). The additions of titanium, 
niobium and tantalum are preferably combined with carbon and nitrogen to prevent sensitization and eliminate 
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susceptibility to intergranular corrosion. The addition of nitrogen in austenitic stainless steels improves the 
resistance to pitting and delays the kinetics of sigma phase formation [5,6]. The presence of silicon as an 
alloying element in stainless steels cast in parts increases the fluidity when casting and thus improves the 
castability. As the carbon plus silicon content increases, partial eutectic solidification improves the castability 
and properties of the castings. Silicon is generally limited to 1.5 % in castings intended for operation above 
815 °C, as it lowers the creep and breaking strength properties at high temperatures. 

In the present study, the mechanism of wear of high alloy steel with emphasis on its applicability in 
environments that cause cavitation stresses was investigated.  

2. EXPERIMENTAL PROCEDURES 

From cast steel bars, GX40CrNiSi 25-20, (1.4848): EN 10295 having the chemical composition (in wt%):  
0.38C, 25.20Cr, 20.8Ni, 1.62Si, 1.49Mn, 0.34Mo, 0.031P, 0.027S cavitation tests were performed. 

As standard material was used cast steel, GX10Cr13 (in wt%: 0.11C, 12.78Cr, 1,054Ni) which is intended for 
the execution of engineering components required, especially in cavitation environments. The cavitation tests 
were conducted on a vibrating device with piezoceramic crystals (Figure 1) made in accordance with the 
requirements of ASTM G32-2010 [5] (vibration frequency = 20000 ± 1 % Hz, double vibration amplitude = 50 
µm, temperature distilled water = 22 ± 1 oC, generator power = 500 W). The cavitation research was carried 
out on sets of 3 samples from each steel brand. The total duration of the test of each sample was 165 minutes, 
this being divided into 12 periods (one of 5 minutes and 10 minutes, respectively, and the next 10 periods of 
15 minutes each). At the end of each test period, the sample was cleaned in acetone, air dried and weighed 
with an analytical balance having a sensitivity of 10-5g. 

 
Figure 1 Image of the experimental stand and a section through the cavitation test 

3. EXPERIMENTAL RESULTS EVALUATION 

3.1. Cavitation curves 

Cavitation tests were performed on sets of three samples, measuring the average cumulative mass losses and 
based on them were calculated the values of the average depth of penetration of erosion, cumulative, MDE, 
respectively, the rate of penetration of MDER erosion. 
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where: i - represents the testing period; 

mi - is the material mass, lost through erosion, in the period i, in grams; 

ρ - material density, in grams/mm3; 

ti - cavitation duration corresponding to period “i” (5 minutes, 10 minutes or 15 minutes); 

dp - probe surface diameter, subjected to cavitation (dp= 15.8 mm);  

MDEi - the value of the average depth of erosion penetration, achieved by cavitation during the period ti. 

In Figure 2 and Figure 3 are shown the characteristic curves of cavitation erosion, which indicate the variation 
of the parameters MDE and MDER with the duration of the cavitation attack. 

 

Figure 2 The evolution of the average erosion depth with the duration of the cavity attack 

 

Figure 3 The evolution of the average erosion depth with the duration of the cavity attack 
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From these graphs it can be noticed that the GX40CrNiSi25-20 steel has a value of the average erosion 
penetration depth, MDE, after 165 min. cavitation test of approx. 1.8 times smaller than that of GX10Cr13 
steel. At the same time, the erosion rate during the stabilization period, MDERs of this steel decreases by 
approx. 1.7 times. The dispersion of the experimental values of the erosion rate (Figure 2), compared to the 
mediation curves, is slightly smaller for the GX10Cr13 steel. Although it can be appreciated that both cast 
steels have a good behavior in cavitation erosion, the appearance of the curves being similar, still the steel 
with higher alloying degree ensures a higher resistance to degradation by this phenomenon. 

3.2. Microscopical examinations 

Using a Canon Power Shot S X 200 IS camera, images of the samples surfaces were taken after each period 
of cavitation attack to follow the evolution in time of the erosion phenomenon (Figure 4). Their analysis 
confirms that in the first 30 minutes of testing, the surface of the samples is not significantly affected, after 
which there is a continuous increase in the density of material pinches and their depth with the attack time. 
The cavity surface is due to the dendritic casting structure, characterized by micro segregations of the alloying 
elements. 

 
0 min 

 
5 min 

 
15 min 

 
30 min 

 
45 min 

 
60 min 

 
75 min 

 
90 min 

 
105 min 

 
120 min 

 
135 min 

 
150 min 

 
165 min 

Figure 4 Macrographic image of the sample surface following the cavity attack 
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Investigation under electric scanning microscope of the topography of tested surfaces on cavitation for 165 
min. highlights the presence of pinches in the area of the matrix interface - carbides and matrix - phase σ 
(Figures 5 a, b). The areas of material left after the expulsion of carbides and the σ phase have the form of 
microcracks with high stress concentrators that favor the development of microcracks. 

  
(a)                                                                             (b) 

Figure 5 SEM image of the eroded surface after 165 minutes of cavitational attack: 
a - pinches of material, x 200; b - coalescence of microcracks and formation of microcracks, x 1000 

Optical microscopy of the longitudinal sections by samples tested in cavitation for 165 min. (Figure 6) shows 
that the expulsion of chemical combinations favors the degradation of the metal matrix. Although the 
mechanical strength of the martensite microstructure in steel with 13 wt% Cr and 1 wt% Ni considered as a 
standard is higher than that of an austenitic microstructure in steel with 25 wt% Cr and 20 wt% Ni, the depth 
of erosion penetration is lower at the latter. 

  
(a)                                                                             (b) 

Figure 6 SEM image of a longitudinal section through a sample tested in cavitation for 165 min.: 
a - x 200, not chemically attacked; b - x 200, V2A chemical attack 
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4. CONCLUSION 

Compared to the GX10Cr13 standard steel, the GX40CrNISi25-20 analysed steel ensures an increase in 
cavitation resistance of about 1.8 times after the maximum value of the average cumulative erosion depth, 
(MDE curve (t)), respectively of about 1.7 times after the values stabilizes the erosion rate parameter, MDER. 

The deterioration of the surface caused by the exposure to cavitation is initiated at the limits between the 
phases, followed by the removal of the σ phase and the carbides, and subsequently the attack of the austenite 
matrix occurs. 
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Abstract  

Numerous engineering components which are in contact with liquid environments that are working under 
pressure can be degraded by cavitation erosion.  

The present paper study the improvement of cavitation erosion resistance of gray cast iron with lamellar 
graphite and pearlite microstructure by applying the nitriding thermochemical treatment. 

The cavitation tests were carried out on a vibratory device with piezoceramic crystals in accordance with ASTM 
G32 - 2016 standard. 

The material degradation is demonstrated by mass loss and erosion rate variation depending on the cavitation 
attack period. As reference material it was considered the same type of gray cast iron, subjected to softening 
annealing treatment. The eroded surface was examined by optical and scanning electronic microscopy. 

Keywords: Grey cast iron, cavitation erosion, plasma nitriding 

1. INTRODUCTION  

Plasma nitriding is a modern method of surface hardening where the heating of the parts is obtained as an 
effect of hitting the cathode (sample) by the ionized molecules of the used gas [1]. Compared to the classic 
ammonia method, it has the advantage of high nitriding rates, so that the total duration of this process can be 
reduced 2-3 times [1]. Since both the chemical parameters (chemical composition, pressure, flow) of the gas 
can be adjusted, as well as the electrical parameters (voltage, intensity of the luminescent discharge current), 
a nitride layer can be obtained with superior characteristics to the one obtained by the classical method. 

Based on these remarks, the research carried out in this paper aims at the possibility of expanding the 
application of this technology to surfaces found in cavitational flows, where hardness plays an essential role 
in increasing the operating time. 

2. THE RESEARCHED MATERIAL. EQUIPMENT AND USED METHOD  

The experiments were conducted on cavitation samples [5-7] made of gray cast iron EN-GJL-200 with a 
microstructure composed of a pearlite metallic matrix with lamellar type A graphite separations (according to 
ASTM-67) and small amounts of phosphorous eutectic [6]. The samples were subjected to stress relieving 
annealing treatment at 525 °C/4h/oven, after that some samples were subjected to plasma nitriding 
thermochemical treatment at temperature of 530 °C, with a holding time of 840 min, then cooled in the oven 
to 150 °C, and further air cooled at which point they were exposed into the air (Figure 1). Following this 
thermochemical treatment, the surface hardness reached to values of 368 HV5. 
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Figure 1 Cyclogram of thermochemical nitriding treatment 

The analysis of the surface resistance of stress relieving annealing and plasma nitriding at cavitation erosion, 
was performed on sets of three samples, using the standard vibrating device with piezoceramic crystals 
(Figure 2), found in the Cavitation Laboratory of the Politehnica University of Timisoara. Before exposure to 
cavitation attack, the surfaces were polished to a roughness Ra = 0.2 µm. 

 
Figure 2 Standard vibrating device with piezoceramic crystals: a - general image: b- image during the 
cavitation attack; c- the head of the sonotrode in which the cavitation sample is fixed; d- the vibrating 

mechanical system with the sample fixed in the sonotrode 

The laboratory methodology, regarding the working condition and the research procedure (total duration and 
intermediate periods of the cavitation attack, liquid environment and its temperature, cleaning and washing of 
each cavitation sample, evaluation of mass losses) were performed in strict accordance with ASTM G32-2016 
[4]. The surface topography of the cavitation samples was macro and micrographic investigated to reveal the 
mechanism responsible for increasing the stability to erosion and surface degradation. 
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3. EXPERIMENTAL RESULTS 

3.1. Cavitation curves 

The diagrams shown in Figure 3 and Figure 4 presents the experimental results of the cavitation test, 
expressed by the average values obtained for the mass losses M(t), respectively for the erosion rate v(t) 
depending on the duration of the cavitation attack, for the sets consisting of stress relieving annealing samples 
and for those subjected to plasma nitriding thermochemical treatment. Both diagrams were drawn based on 
mass losses, Δm and velocities recorded at the end of each cavitation attack period, Δt = 5, 10 and 15 minutes, 
which were cumulated as the cavitation attack time was moving to a final duration of 165 minutes. 

 

Figure 3 The variation of the eroded mass with the duration of the cavitation attack: 1 - stress relieving 
annealing; 2 - plasma nitriding 

 

Figure 4 The variation of the erosion rate with the duration of the cavitation attack: 1 - stress relieving 
annealing; 2 - plasma nitriding 

The data obtained are in concordance with those existing in other research papers [2,8] and demonstrate that 
a slight improvement in cavitation erosion resistance is obtained following the application of plasma nitriding 
thermochemical treatment to gray cast iron with lamellar graphite. 

If by applying the stress relieving annealing treatment the mass losses after the cavitation attack of 165 minutes 
were 94.426 mg and the erosion rate was 0.577 [mg/min], plasma nitriding thermochemical treatment causes 
a decrease in mass loss by about 14.7 %, respectively the erosion rate by about 10 %. 
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3.2. Macro and micrographic examinations 

Figure 5 shows the macrography of the eroded surface of the gray cast iron subjected to the plasma nitriding 
thermochemical treatment, noticing clearly that the as the duration of the cavitation attack increases, the 
eroded area expands and the caverns become deeper. 

 

0 min 5 min 15 min 45 min 

   

75 min 105 min 135 min 165 min 

Figure 5 Macroscopic samples appearance of the surface nitride in plasma and exposed to cavitation at 
variable time durations 

 
a) 

 
b) 

Figure 6 SEM image of the tested surface at 165 minutes cavitation time: a - after stress relieving annealing; 
b - after plasma nitriding 
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Scanning electron microscopy examination of damaged surfaces after 165 minutes the cavitation attack shows 
that by the stress relieving annealed samples (Figure 6 a) a furrowing of the former areas with lamellar graphite 
and a coalescence of the initiated cracks in the metal matrix adjacent areas occurs. In opposite, the surface 

of the plasma nitride samples (Figure 6 b) is less damaged, the hard FexNy nitride phases blocking the 
cavitation erosion wear phenomenon. 

4. CONCLUSIONS 

Compared to stress relieving annealing, the plasma nitriding thermochemical treatment at 530 °C for 16h 
applied to gray cast iron with perlitic matrix and lamellar graphite, is manifested by a reduction of mass loss of 
14.7 % and an erosion rate with about 10 % after 165 minutes of cavitation attack. 
The limited increase in cavitation resistance is justified by: 

 Difficulties in the formation of homogeneous nitride phases due to the existing graphite on the material 
surface that plays the role of barrier; 

 Sensitivity of nitride particles to stress concentration.  

The topographies of the cavitated surfaces reveal a less pronounced degradation of the samples hardened by 
plasma nitriding thermochemical treatment. 
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Abstract 

The main purpose of the research was to determine the effect of local laser heating on the tensile stress under 
load. The simulation results show that the different locations and the number of laser tracks (internal reinforcing 
ribs) on a thin-sheet surface had a great influence on the stress distribution during tensile loads. The finite 
element analysis of equivalent Von-Mises stresses and stretching of thin-sheet steals acknowledge that the 
samples with the internal reinforcing ribs have a greater resistance to tensile load.  
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1. INTRODUCTION 

In most ways, existing methods to increase the stiffness and strength of thin-sheet metal plates are present in 
the relationship between construction geometry and their stiffness. To increase stiffness can be created 
additional ribs or thick areas, but at the same time, it will increase the size and weight of the thin-sheet metal 
plate [1]. 

Every year, the development of new technologies for processing metal materials allows better control and to 
improve of the metals properties. Local laser heating is a new modern technique that allows a change and 
creation of certain zones within the material, the general properties of which will differ significantly from the 
basic metal structure [2]. Local laser heat treatment is a heating process with or without the melting of the base 
material. Due to laser treatment, the microstructure and properties of the materials can be controlled changed; 
for example, it's possible to increase their stiffness or hardness. To influence the stiffness of the metal structure 
and significantly increase its tensile strength it is enough to know the distribution and values of internal stresses 
that arise in the structure during loading. Thus, using local laser heating, we will be able to create special zones 
with internal stiffeners, which will significantly increase the mechanical properties of the structure while 
maintaining the original weight and dimensions [3]. 

Finite element analysis (FEA) is an effective, common, forceful numerical method and design tool for the 
nonlinear analysis of different structures. 

The article discusses the use efficiency of local laser heating for creating reinforcing ribs in thin sheet steel.  A 
finite element analysis of the effect of different locations and distances between laser paths on the stress 
distribution under tensile loads has been carried out.  

2. AIM OF THE STUDY 

The main goal of this study was to evaluate the effect of laser treatment on tensile loads as well as to determine 
a sufficient number of laser tracks to increase the tensile strength of the material. 

The FEA modelling and nonlinear mechanical analysis of tensile stress distribution of thin steel sheets treated 
by laser for their strengthening are presented in this work.  
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Another goal of this research was to assess how the different locations and sizes of laser tracks influence the 
tensile stress of sheet material. 

The experiment used the Ansys Workbench 2020 R1 software for modelling steel sheet tensile tests under 
workloads. 

3. OBJECT OF THE STUDY 

According to the International Organization of Motor Vehicle Manufacturers, 77.6 million vehicles were 
produced in 2020. [4] On average, 900 kg of steel is used per vehicle. Depending on the total mass of the 
vehicle, the steel in the vehicle is distributed in different ways, but we are interested in the part that is used in 
the body structure, panels, doors and trunk closure to ensure high strength and energy absorption in the event 
of an accident - which is approximately 40 % of the total weight car. New grades of Advanced High-Strength 
Steels (for example S550MC) enable carmakers to reduce vehicle component weight by 25-39 % and total 
vehicle weight by 8-10 % compared to conventional steel. When applied to a typical five-passenger family car, 
the overall weight of the vehicle is reduced by 100-150 kg, which corresponds to a lifetime saving of 2-3 tonnes 
of greenhouse gases over the vehicle’s total life cycle. This saving in emissions can be more than the total 
amount of CO2 emitted during the production of all the steel in the vehicle. [5] The use of local laser processing 
of thin sheet steels can help to further reduce the overall entire weight of the structure while maintaining high 
strength characteristics of the material. 

Structural hot rolled carbon steel (1.0986, S550MC) containing less than 0.3 % carbon was used in this work 
(Table 1). Chemical composition of steel 1.0986 (wt%): 0.12C; 0.5Si; 1.8Mn; 0.015S; 0.025 P; 0.2V; 0.09 Nb; 
0.15Ti; 0.015Al. 

Table 1 Mechanical properties of steel 1.0986 [6] 

Elastic modulus 
E, (GPa) 

Yield strength 
R0.2, (Mpa) 

Tensile strength 
Rm, (Mpa) 

Relative extension 
(%) 

Hardness 
 (HBW) 

190-220 550 600 Min 12 341 

4. METHODOLOGY OF RESEARCH 

An Ansys Workbench software was used for FEA simulation of the tensile stress of laser-treated thin sheet 
metal plate. Appropriate mesh models of laser-treated thin sheet metal plates were done with element quality 
more than 0.13 for each specimen without highly distorted elements.  

The dimensions of the thin sheet metal (100 x 5 x 2 mm and 100 x 20 x 2), area of laser-treatment (20 x 5 mm), 
depth of treatment (0.35 mm) is identical in all the FEA models created (Figure 1).  

 

Figure 1 General view of 3D model: a - untreated plate; b - location of laser-treated area 
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Three options are presented for the location of the laser-treated area on a sheet sample (strips horizontally, 
vertically and at an angle of 45 degrees). Three options are also used for the distances between the laser-
treated tracks (with overlap, distances of 0.35 mm and 0.7 mm) (Figure 2, Table 2). 

Table 2 Variants of FEA model geometry 

Location of laser-treated 
area 

Distances between the 
laser-treated tracks 

(mm) 

Number of laser tracks in 
treated area 

(pcs) 

Abbreviation of case 

Reinforced strips 
horizontally 

0.7 6 I-I 

0.35 8 I-II 

Overlap 12 I-III 

Reinforced strips vertically 

0.7 28 II-I 

0.35 36 II-II 

Overlap 54 II-III 

Reinforced strip at an 
angle of 45 degrees 

0.7 24 III-I 

0.35 32 III-II 

Overlap  54 III-III 

Untreated plate - 0 X 

 
Figure 2 General view of laser treated area: a - case I-I; b - case II-II; c - case III-III; d - cross-section view of 

laser track case III-II 

Two different material properties (for base material and laser-treated tracks) were used for the FEA model 
(Table 3). Tensile test was done according to ISO 6892-1:2019 [7]. Boundary conditions of the modelling 
scenarios: one side of the plate, fixed, 0 degree of freedom; second side of the plate - displacement, 1 degree 
of freedom. The maximum applied force was 3750N (Figures 3, 4). 

Table 3 Mechanical properties of base metal and laser treated layer used to FEA simulation [9,10,11] 

Material Modulus of Elasticity 
E (GPa) 

Shear Modulus 
G (GPa) 

Yield strength 
σ0.2 (MPa) 

Ultimate Strength 
σB (MPa) 

Base metal 212 82.1 550 600 

Laser treated layer 262 101.7 660 720 
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Tetrahedral elements were used to mesh the model of the metal thin sheet plate. The mesh size was from 
0.55 to 0.95 mm. The numerical investigation of the physically nonlinear problem was solved for the bending 
case. A relatively simple plasticity model (Bilinear Isotropic Hardening model) was used [8,12]. 

The stress-strain curves of the basic metal and the treated layer are provided from experimental data, but the 
dependences of the nonlinear part of the curves are simplified to linear, as is customary with the Bilinear 
Isotropic Hardening model. [8]. 

 
Figure 3 a - fixed support; b - applied force loads 

 

Figure 4 a - 3D meshing model; b - number of meshing elements 

5. RESULTS 

The results of the FEA simulationand their analysis (Figures 5-8, Table 4) shows that the greatest 
strengthening effect was achieved when the sheet steel was laser treated with overlapping laser tracks under 
45 degrees. The difference of achieved maximal Von Mises equivalent stresses in the treated samples to 
comparison with an untreated thin sheet plate was from 30 % up to 38 %. Differences in the efficiency of the 
application of laser treatment with overlapping and discontinuous surface treatment (with different distances 
between laser tracks) were only 2 - 3.5 %. Thus, it is more reasonable to use laser processing with a distance 
between the tracks of about 0.35 - 0.7 mm, since it requires significantly less energy consumption, which 
makes the method more economical. 
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Table 4 Results of FEA simulation of the elastoplastic deformation 

Sample Max.Deformation (mm) Von Mises equivalent stress (MPa) 

Untreated sample (X) 5.7807 410.88 

Treated sample I-I 5.5065 543.06 

Treated sample I-II 5.4128 550.21 

Treated sample I-III 5.2318 553.74 

Treated sample II-I 5.4727 535.2 

Treated sample II-II 5.3732 537.69 

Treated sample II-III 5.1663 548.84 

Treated sample III-I 5.2725 546.64 

Treated sample III-II 5.2493 551.76 

Treated sample III-III 5.1337 565.76 

 

Figure 5 Test sample X: Max. Deformation 5.7807 mm; Von Mises equivalent stress 410.88 MPa 

 

Figure 6 Test sample I-II: Max. Deformation 5.4128 mm; Von Mises equivalent stress 550.21 MPa 

 

Figure 7 Test sample II-III: Max. Deformation 5.1663 mm; Von Mises equivalent stress 548.84 MPa  
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Figure 8 Test sample III-I: Max. Deformation 5.2725 mm; Von Mises equivalent stress 546.64 MPa 

6. CONCLUSIONS 

The results of FEA simulations of the tensile test established that local laser processing can be used to resist 
tensile loads thin sheet steel S550MC by up to 38 %, as an alternative to the application of complex geometric 
shapes or additional strengthening elements. 

The FEA method can be used for the prediction of the required laser treatment area - geometry and localization 
of processed area, depth of laser penetration, orientation, and quantity of laser tracks. 
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Abstract  

Many power plant operators are currently struggling with the problem of expiring the design life of components. 
The question often arises whether to continue the operation of the equipment or if it is already necessary to 
shut down/overhaul it. The knowledge of mechanical properties is therefore crucial. Semi-destructive sampling, 
subsequent production of mini tensile test specimens (M-TT) followed by mechanical testing can then provide 
the necessary information. The agreement between the results obtained using miniaturized and standard 
bodies has already been proven by many authors. The aim of this paper is to demonstrate that the use of M-
TT is possible even in the case of severely degraded materials. The experiment was performed on SUPER 
304H austenitic steel in the ground state and in the degraded state 

Keywords: Miniaturization, tensile test, degradation, SUPER 304H, elevated temperature 

1. INTRODUCTION 

Nowadays, energy industry tends to increase productivity, flexibility, and thus, complexity of power plants. In 
addition, the operating equipment have to meet the safety requirements. The power plant operators need to 
be aware of the current plant condition. Therefore, a regular monitoring of the state of equipment utilized in 
terms of mechanical properties is crucial. However, the problem is often the need to shut down the component 
for sample extraction for experiments. Therefore, semi-destructive sampling of a small amount of material is 
usually successfully used to evaluate the current condition of a component. This amount of material can be 
then used for miniaturized mechanical tests to assess the degree of degradation. However, the transferability 
of the obtained results to standard bodies is not always unambiguous. 

To comprehend the knowledge about this phenomena, our institute is involved in a project (FW01010368), in 
which individual types of miniaturized specimens such as tensile tests specimen (M-TT), Charpy test specimen 
(KLST), Compact tension specimen for fracture toughness tests (MCT), and the specimen for measurement 
of the dynamic modulus are applied. All the results obtained using above mentioned miniaturized specimens 
are compared to standard-sized samples and evaluated in terms of their ability to detect material degradation. 
The agreement between M-TT and standard specimens has already been proven by many authors [1-4].  

The aim of this paper is to show that the application of M-TT is possible even in the case of severely degraded 
materials. The experiment was performed on SUPER 304H austenitic steel in the ground and degraded state. 
This material it is a typical representative of materials used in the energy industry. 

2. MATERIAL SPECIFICATION 

Most of the performed experiments were done at the material SUPER 304H because of its great availability. 
The specification of steel is listed in [5]. The material was supplied by Sumitomo Metals. Steel SUPER 304H 
was delivered in the form of the seamless tubes with outer diameter 38 mm, wall thickness 6.3 mm and a tube 
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length of 5700 mm [5]. The heat treatment performed by producer (Sumitomo) was solution annealing under 
the following conditions: 1150 °C/2 min holding/cold water quenching [5]. 

The heat number of supplied steel is F124139. Its chemical composition is summarized in Table 1.  
The supplied steel is designed in accordance with prescribed values by the standard ASME Case 2328-1.  
The mechanical properties of the material in delivered condition are listed in [5]. 

Table 1 Chemical composition of supplied steel SUPER 304H (in wt%) [5] 

 
C  Si Mn P S Cu Cr Ni Nb B N Al 

Min. (ASME Case 2328-1) 0.07  - - - - 2.50 17.0 7.5 0.30 0.001 0.05 0.003 

Max. (ASME Case 2328-1) 0.13 0.30 1.00 0.04 0.01 3.50 19.0 10.5 0.60 0.010 0.12 0.030 

Heat No. F124139 0.08  0.25 0.81 0.003 - 3.07 18.3 9.0 0.49 0.004 0.11 0.005 

3. AGEING 

A laboratory isothermal aging on air was used to reach the degraded state of the austenitic steel SUPER 304H. 
The processing temperature was selected as 675 °C, which is slightly higher in comparison with operation 
parameters of USC power plant. The increase of temperature is motivated by the degradation processes 
acceleration. The time of isothermal ageing was up to 27 000 hours. 

The experimental material in three various states was used for testing, i.e. the base material without any 
thermal exposition (degradation state 0) and two exposed states: after 12 000 (degradation state I.) and 27 
000 hours (degradation state II.). Those exposition states may simulate the operation degradation with related 
precipitation processes. In fact, the second exposition time (degradation state II.) correspond with nearly end 
of power plant lifetime according Larson-Miller parameter (LMP) construction. 

4. METALLOGRAPHY 

The base material (Figure 1) can be described as fully austenitic with twins and a presence of niobium 
carbonitrides. After thermal exposition, sigma phase precipitated at triple grain boundaries points and at the 
grain boundaries (Figure 2). Sigma phase is composed of brittle intermetallic particles which affect the 
mechanical properties. 

  

Figure 1 Microstructure of base material [6] 
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Figure 2 Microstructure of aged material [6] 

5. EXPERIMENT - TENSILE TEST 

The geometries of the standard (St) and miniaturized (M-TT) specimens are presented in Figure 3. The M-TT 
specimens were extracted using an electrical discharge machining (EDM) by several-passes of the wire to get 
the high-quality surface. The standard specimens were produced by CNC machines and tested according to 
the standard CSN EN ISO 6892-1 [7] on an electro-mechanic testing machine. The strain was monitored by 
means of contact extensometer Epsilon with L0 = 25 mm. The M-TT specimens were tested according to the 
internal methodology RD 2/30, which is accredited and follows the standard CSN EN ISO 6892-1/ASTM E8 
[8]. The M-TT tests were carried out on a universal testing machine TiraTest with a linear drive and the load 
capacity of 10 kN. The testing machine was equipped with the mechanical grips suitable for testing miniaturized 
specimens. The testing setup can be seen in Figure 4. Due to small specimen size, a single camera with  
the MERCURY RT (real-time tracking) system were set up. The deformation was tracked by means of optical 
extensometer based on Digital Image Correlation technique (DIC)[9]. Prior to testing, a stochastic pattern  
was applied on the specimens’ surface with ratio of 50 % white and 50 % black colour to allow the  
deformation tracking by the optical system. All tests were performed under quasi-static conditions (strain rate 
- 0.00025 s-1). 

The hardening coefficients were evaluated according to the standard ČSN EN ISO 10275 [10] in a deformation 
range 2 %-Ag. All test results are summarized in Table 2. A comparison of the resulting flow plastic curves is 
shown in Figure 5. The resulted hardening coefficients are presented in Figure 6 and Figure 7. 

 
 

Figure 3 Geometry of the specimens, LEFT - M-TT; RIGHT - Standard 
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Figure 4 Quasi-static mini-tensile test setup 

Table 2 Resulting hardening coefficients for individual geometries and degradation states 

Geometry 
Temperature n2-Ag n_St.dev C2-Ag C_St.dev Degradation 

state °C - - MPa MPa 

M-TT 

20 0.30 0.002 1182.4 11.2 0 

20 0.29 0.005 1390.9 3.7 I. 

20 0.28 0.003 1412.7 25.9 II. 

600 0.34 0.007 955.5 9.1 0 

600 0.20 0.007 689.7 4.1 II. 

600 0.21 0.006 674.2 4.9 I. 

Standard 

20 0.31 0.004 1242.1 4.8 0 

20 0.29 0.001 1374.6 9.3 I. 

20 0.27 0.005 1353.9 17.9 II. 

600 0.32 0.004 968.0 13.5 0 

600 0.19 0.003 669.0 5.6 I. 

600 0.17 0.005 658.9 9.7 II. 

  

Figure 5 Comparison of the results obtained using miniaturized and standard tensile test specimens. 
Degradation state 0, I and II. Temperature LEFT - 20 °C; RIGHT - 600 °C 
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Figure 6 Comparison of the hardening exponent “n” for miniaturized and standard specimens,  
LEFT - at 20 °C; RIGHT - at 600 °C 

  

Figure 7 Comparison of the hardening coefficient “C” for miniaturized and standard specimens,  
LEFT - at 20 °C; RIGHT - at 600 °C 

6. CONCLUSIONS 

The results show good agreement of the values obtained using miniaturized and standard specimens. 
Furthermore, the MTT specimens are characterized by sensitivity to the material degradation. This is also 
shown by the fact that the Portevin-Le Chatelier effect (PLC) was visible on M-TT at the temperature of  
600 °C on non-degraded material. In the case of degradation at stage I. and II., the PLC was not observed. 
The variance of the results was also approximately the same. Future tests will focus on performing of the same 
assessment on another ferritic-pearlitic material used in the energy industry. 
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Abstract 

The main goal of this article is to present the results of state the microstructure in chromium ledeburitic tool 
steel commercially named Sverker 3. This material was treated by austenitizing at various temperatures and 
then quenched in oil. Paper is focused on distribution and change in carbide particles depending on 
austenitizing temperature. Analysis was focused on population of these particles and classification particles 
by EDS analysis results and measuring of hardness. According to chemistry of particles were particle sorted 
by types. Beside that all results are compared to phase equilibrium calculated in Thermo-Calc.  

Keywords: Ledeburitic tool steel, quenching, microstructure, carbide particles  

1. INTRODUCTION 

High alloy tool steels usually contain a higher carbon content and are mainly alloyed by Cr, W, V, Mo. [1]. High 
alloy tools steels were developed in order to achieve such important mechanical and physical properties like 
hardness, abrasive wear resistance [1,2,3] corrosion resistance and dimensional stability [1,4]. Hence, these 
steels are suitable for variety industrial operations such as cutting, forming [3], plastics moulds, measuring 
instruments, gauges and many others. [5]. Mechanical properties of tool steels are determined by their phase 
composition, microstructure, matrix and type, quantity, size and distribution of the carbides. The microstructure 
can be varied by the use of proper heat treatment procedure. In most cases, the tools made of ledeburitic 
steels are subjected to various hardening and tempering regimes. By applying these heat treatment schedules 
the soft ferrite/carbide microstructure is replaced by much harder martensite. Hence, also, the properties of 
steel can be modified by using the heat treatment in great extent [3]. Chromium ledeburitic steels contain 
higher level of carbon and chromium. Presence of these elements is mainly linked with precipitation of wide 
spectrum of carbide particles, mainly the M7C3. Morphology of carbide particles significantly affects the 
mechanical properties. These particles are able to improve wear resistance. On the other hand, as first 
limitation in use is linked with higher number and higher sizes of certain kind of carbides which lowers 
a toughness or cause a sensitivity to fracture [4]. Higher austenitization temperatures are related to dissolution 
of carbides whose alloys are able to improve hardness of matrix. The second limitation occurs as the decrease 
of Ms and Mf temperatures is due to matrix saturation increase [6]. Among the main purposes of the current 
experiment belong revealing how the alloying elements were partitioned between phase constituents present 
in material. Besides that, it is necessary to compare hardness of specimens which correlate with distribution 
of chemical elements. The final goal is to determine the morphology, size and population of all the carbide 
particles and how these characteristics are influenced by the used heat treatment regimes. 
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2. METHODOLOGY AND RESEARCH 

The material used for experiment was commercially available ledeburitic tool steel Sverker 3 with chemical 
composition (in mass %) 2.05 C, 0.3 Si, 0.8 Mn, 12.7 Cr, 1.1 W, and Fe as a balance. Cylindrical specimens 
with dimensions of Φ 16 x 8 mm were cut off from steel bar. After that the specimens were subjected to 
conventional hardening procedure. It consisted of gradual heating up to the required austenitizing temperature, 
hold there for 25 minutes and quenched. The first ramp was chosen at 600 °C with a 10 minutes duration. 
After this stage the specimens were heated-up to final austenitization temperature, held there and 
subsequently oil-quenched. The level of the final austenitizing temperature was chosen from the range 900-
1050 °C, with a step of 25 °C. Microstructural analysis of specimens was carried out by scanning electron 
microscope (SEM). Before that the specimens were grinded by a set of abrasive papers with different size of 
abrasive (in order 220, 320, 600, 1200), and polished with various type of diamond suspensions (in order 9, 6, 
3, 1 µm). As an etchant 3 % ethanol solution of picric acid (Picral) was used. For SEM analyses a JEOL 7600F 
scanning electron microscope coupled with energy dispersive spectroscope (hereinafter EDS) detector was 
used. Microstructural images were acquired at different magnifications, i.e. 1000x, 3000x and 5000x. Chemical 
composition of carbide particles and the matrix was estimated by EDS analyser. Hardness measurements 
were performed by Vickers method, at a load of 98.1 N (HV10), by using a ZWICK 3212 hardness tester. For 
verification of the reliability of the obtained results they were compared with calculated phase equilibria for the 
given system, by using a ThermoCalc 2021 software. Quantitative analysis of microstructure was focused to 
determine the number of carbide particles. The measurements were performed on areas of 10 x 10 μm. In 
order to ensure statistical consistency, the input data were averaged from 5 measurements for each specimen. 
Among the main parameters: the mean number of microparticles per volume unit - Nk (1/mm3), mean 
interparticle spacing lA (μm), calculated according formulas in [7] and quantity of carbides (%) evaluated by 
point method [6,7]. 

3. RESULTS AND DISCUSSION 

3.1. As-received state 

The examined steel was delivered in a state after soft-annealing. The steel in this state contains non-uniformly 
distributed, irregularly shaped eutectic carbides, almost uniformly distributed quasi-globular secondary 
carbides and uniformly distributed eutectoid carbides. Carbides are distributed in ferritic matrix [3,5,8]. From 
the point of view of chemistry three types of carbide particles were determined by EDS measurements, further 
denoted as K1, K2 and K3. These carbides are different from the point of view of their origin, which is reflected 
in their chemical composition. The average chemical compositions of these particles (in mass percent) are 
shown in Table 1. With respect to computed equilibrium, Figure 1a one can assume the presence of major 
amount of M7C3 and minor amount of M23C6 phases [6,8,9]. Besides that, one would also expect also the 
presence of M3C2 (see Figure 1a). But, in real situation the diffusion rate is very low below the characteristic 
A1 temperature, hence, the presence of M3C2 is very unlikely. As mentioned in [10] steels of D-type are 
characteristic by presence of M7C3 particles and maximum iron content in M7C3 is around 50 %. This statement 
corresponds to the results in Table 1 for K1 and K3 types. The mean spherical diameter of the K1 - carbide 
particles in range between 2.5-22 μm. It corresponds to the findings in [9] where author found M7C3 particles 
with maximal diameter approx. 21.5 μm. Correspondingly, the K2 - carbides have a size from the range 0.35-
1.4 μm and K3 - particles have a size in range 0.3-1.9 μm. The origin of K3 small particles (0.05-0.52 μm) is 
very likely in the eutectoid transformation. In many cases these particles are spherically-shaped, which is highly 
expected shape in specimens after soft-annealing [11]. According to EDS, a slightly lower chromium content 
was found in these particles. The measured bulk-hardness was 245 HV10, which is expected value for similar 
tool steels.  
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Table 1 Categorization of carbides by chemical composition obtained by EDS (mass %) 

 C Cr Mn Fe W 

Carbide K1 11.11 ±0.41 42.7 ± 0.41 1.33 ± 0.1 42.71 ± 0.37 2.15 ± 0.25 

Carbide K2 7.8 ± 0.65 18.72 ± 4.42 1.39 ± 0.38 64.12 ± 6.64 7.89 ± 2.25 

Carbide K3 10.30 ± 1.07 31.5 ± 5.33 1.3 ± 0.16 54.82 ± 6.36 1.92 ±0.31 

 

Figure 1 a) Calculation of phase equilibrium in temperature range 0-1600 °C, b) Fe-C-Cr phase diagram 

3.2. As-quenched state: matrix 

 

Figure 2 SEM micrographs of samples treated at different austenitization temperature a) 900 °C, b) 1050 °C 

After application of austenitization and quenching procedure, the microstructure of the material has been 
changed from ferritic/carbidic to martensitic/carbidic, with a presence of certain amounts of retained austenite, 
as Figure 2 illustrates. Increasing the austenitizing temperature induces more pronounced saturation of matrix 
with alloying elements. The matrix was saturated mainly with the chromium, carbon and tungsten, Table 3. An 
optimal matrix saturation level is an important factor that influences the as-quenched hardness as well as the 
secondary hardenability of this kind of material. Together with increasing content of alloying elements in matrix, 
the characteristic Ms and Mf temperatures become lower [8,12]. This results in increase in amount of retained 
austenite in as-quenched steel microstructure [12]. The retained austenite is soft phase, hence the specimens 
treated above 1000 °C have lower hardness than those treated at 1000 °C (Table 2). The main source of the 
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saturation of the matrix is the dissolution of carbide particles [10]. Figure 3 shows that increasing the 
austenitizing temperature reduces the number of carbides. The most significant difference in number of carbide 
particles is between specimens treated at 975 °C and 1000 °C. By comparing the micrographs in Figure 2 it 
is possible to observe that the main decrease in population of particles occurred inside original austenitic 
grains. There are situated mainly fine particles of K2 and K3 types. 

3.3. As-quenched state: carbides 

By the calculation of phase equilibrium (Figure 1a), it is very likely to expect two types of carbides in this steel 
system in the as-quenched state. The first one is the major M7C3 phase and the second (but minor) phase is 
M23C6 [6,8]. The third carbide (K3) identified by EDS is very likely other crystal modification of M7C3. Fukaura 
proved a presence of M7C3 as white large particles and M23C6 as small black round particles in AISI D2 steel. 
However, this assumption should be confirmed by further analysis. As abovementioned, the carbides of K1 
type have greater size (2.5-22 μm), and are situated on the grain boundaries. In many cases the K1 have 
irregular or angular shape, very similar to rod and rectangles [3,6,8,10,13]. Besides that, the same chemical 
composition was also identified for smaller-sized particles which have mostly quasi-globular shape [13]. The 
largest particles belong to the eutectic carbides. In similar Cr-steels, a presence of M7C3 phase is very common 
phenomenon. These carbides are stable up to the solidus temperature, hence, they were not affected by the 
applied heat treatment. The K2 carbide particles have much smaller size (0.35-1.4 μm), predominantly globular 
shape, and are situated inside original austenite grains [14,15]. Their nature is originated probably by the fact 
that, they are formed due to the decreasing carbon/chromium solubility in the austenite. Therefore, one can 
call them as secondary carbides. According to Fe-C-Cr diagram (Figure 1b), it is clearly visible that M23C6 
phase is expected mainly in carbon-depleted zones. By comparing the carbon contents in K1, K2 and K3 
(Table 1), the K2 particles are very likely M23C6. The K3 carbides have similar size like K2 (0.3-1.9 μm) but 
they are elongated or quasi-globular shaped, and are situated inside the grains and as well as at the grain 
boundaries. A part of these particles may also belong to the group of secondary carbides. At higher 
austenitizing temperatures, more small-sized carbides were dissolved but large-size angular particles remain 
unaffected. The first significant decrease in population density of carbides was observed in specimens treated 
at 925 °C. This is because at 900 °C only very fine particles inside the original austenitic grains start to dissolve. 
The second significant carbides count decrease occurred in specimens treated between 975 and 1000 °C. 
According to Figure 1a, the complete dissolution of M23C6 is expected within this range, and certain decrease 
of M7C3 secondary carbides can also occur. In Figure 2 it is possible to see that the most pronounced decrease 
in carbide particles count was observed for small-eutectoid carbides. These particles are mostly situated inside 
original austenitic grains but some of them appear also on the grain boundaries. To validate the measured 
changes in carbide count a Thermo-Calc calculations were used. The results in Figure 1a clearly indicate a 
good agreement between measured values of carbide particles counts and theoretically predicted ranges of 
dissolution of individual carbide phases in the austenite.  

Table 2 Hardness of specimens depending on the  
             austenitization temperature 

  Hardness HV10 

soft-annealed 245.00 ± 1.63 

900 °C 687.00 ± 4.24 

925 °C 772.00 ± 16.33 

950 °C 788.67 ± 4.71 

975 °C 854.33 ± 5.19 

1000 °C 898.33 ± 6.13 

1025 °C 882.00 ± 9.80 

1050 °C 806.33 ± 4.71 
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Table 3 Development of the content of chemical elements in matrix depending on austenitization  
             temperature 

soft-annealed 2.15 ± 0.18 0.59 ± 0.03 4.34 ± 0.99 0.78 ± 0.07 91.02 ± 1.24 1.12 ± 0.4

900 °C 2.62 ± 0.45 0.54 ± 0.06 4.83 ± 1.34 0.94 ± 0.09 89.61 ± 1.9 1.6 ± 0.08

925 °C 2.52 ± 0.44 0.58 ± 0.04 5.4 ± 0.42 0.85 ± 0.08 89.51 ± 0.7 1.9 ± 0.09

950 °C 3.2 ± 0.19 0.55 ± 0.02 5.42 ± 0.63 0.79 ± 0.01 88.62 ± 1.15 1.5 ± 0.1

975 °C 2.98 ± 0.5 0.6 ± 0.05 5.82 ± 0.34 0.89 ± 0.05 88.37 ± 0.92 1.17 ± 0.22

1000 °C 2.68 ± 0.09 0.61 ± 0.04 5.62 ± 0.35 0.8 ± 0.13 89.06 ± 0.43 1.18 ± 0.2

1025 °C 2.65 ± 0.13 0.58 ± 0.03 6.43 ± 0.18 0.88 ± 0.05 88.17 ± 0.36 1.29 ± 0.1

1050 °C 2.86 ± 0.43 0.55 ± 0.03 7.2 ± 1.12 0.9 ± 0.05 87.2 ± 1.48 1.29 ± 0.12

W (wt.%)C (wt.%) Si  (wt.%) Cr (wt.%) Mn (wt.%) Fe (wt.%)

 

 

Figure 3 Number of particles per volume unit depending on the austenitization temperature 

4. CONCLUSIONS 

Based on the results of the study, the following conclusions can be formulated: 

 Three carbide types were identified in examined steel. The largest K1 particles were eutectic carbides. 
They have angular shape, and are non-uniformly distributed in the matrix mainly at the grain boundaries. 
The K2 and K3 particles were much smaller, and manifested uniform distribution inside the grains as 
well as at the grain boundaries. They were detected as secondary phases but a part of them is also 
formed by eutectoid transformation. 

 The K1 and K3 carbides contain high amounts of Fe and Cr. The secondary K2 carbides also contain 
mainly these two elements but also enhanced amount of tungsten.  

 The matrix of as-received state contained approx. 4 % Cr and minor portions of other elements like Si, 
Mn and W. Heat treatment increased the amounts of Cr and W in the matrix while the amounts of Mn 
and Si were practically unaffected. The variations in amounts of different elements are related to the 
dissolution of different carbides in the austenite.  

 The dissolution of eutectoid and secondary carbides results in decrease in the number of particles and 
in increase in the interparticle spacing. 

 Saturation of the matrix caused increase in material hardness. But, the hardness increased only up to 
the austenitization temperature of approx. 1000 °C. Above 1000 °C the hardness rather decreased due 
to higher amounts of retained austenite maintained in microstructure.  
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Abstract  

According to the three-dimensional digital model additive production as a method of product manufacturing 
allows creating complex-profile structures with high mechanical and operational specifications. Metal products 
structuring in accordance with the process of their production is of considerable interest. The paper presents 
a comprehensive study of the technological parameter influence on selective laser sintering (SLS) technology 
on the properties of samples of heat-resistant nickel alloy Inconel 718. A comparative analysis of the 
mechanical properties of the Inconel 718 alloy, obtained by sintering powders produced in Great Britain 
(«LPW») and China («Sino Euro»), with the regulatory characteristics of ASM 5662M (for alloy Inconel 718) 
and TU 14-1-3905-85 (for alloy EP718-VD) is conducted. The dependence of mechanical and heat-resistant 
properties of Inconel 718 alloy from the direction of the part’s growth, horizontal direction XY and vertical 
direction Z, has been established. The microstructure of Inconel 718 alloy samples was studied before and 
after heat treatment. Using Unigraphics NX 7.5, a 3D-model of aviation parts was built. In particular, they are 
a turbine nozzle and fuel swirler for the needs of the combustion chamber of an aircraft engine. The 3D-printing 
of the parts for aviation application is characterized by a smaller number of technological operations. Costs for 
equipment and additional machining are reduced and product prototyping is simplified. In its turn, it allows 
reducing the mass of parts by 10-20 % compared to their metal analogues, discarded by machining.  

Keywords: Аdditive technologies, selective laser sintering, Inconel 718, 3D-printing, 3D-model 

1. INTRODUCTION 

Important advantages in the introduction of additive technologies are the ability to reduce the weight of 
products, simplify their design, reduce the cost of time and money for development, manufacture and operation 
[1]. Today, additive technology can be implemented in three stages of production - models, prototypes and 
parts that meet all the requirements of design documentation for complex technical systems for full service life 
[2]. With the help of selective laser sintering (SLS) and selective laser melting (SLM) technology, precise metal 
products are created for work as a part of units and units of responsible purpose (for example, aerospace), 
which gradually replaces traditional methods of their production [3]. Thus, for the manufacture of combustion 
chambers, turbine blades, rocket engines and nuclear reactors is widely used heat-resistant alloy based on 
Inconel 718. The alloy has high creep resistance, high temperature strength, good resistance to high 
temperature corrosion and good weldability [4,5]. 

Mechanisms that provide high cyclic fatigue of the Inconel 718 alloy obtained by laser powder melting are 
considered in [6]. The authors of [7] paid attention to the influence of surface roughness and build-up thickness 
on the fatigue characteristics of the Inconel 718 alloy at 650 °C. The influence of SLM process parameters on 
the microstructure and mechanical properties of Inconel 718 is the subject of research [8]. The question of 
studying the microstructure of the Inconel 718 alloy made by the SLM method under different heat treatment 
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is disclosed in [9]. The study of the microstructure and cyclic behavior of corrosion of the Inconel 718 alloy 
applied by laser under different heat treatment conditions is devoted to the work of [10]. The relationship 
between the parameters of the SLM process and the microstructure in the creation of quality products from 
the alloy Inconel 718 is described in [11]. In [12] a comprehensive study of the influence of technological 
parameters of the SLM process on the structure and properties of samples of Inconel 718 alloy is presented. 
The authors present the results of studies of mechanical properties of compact samples made at different layer 
thicknesses, both in the initial state and after hot isostatic pressing heat treatment. 

2. RESEARCH METHODOLOGY   

Studies of the Inconel 718 heat-resistant alloy technology obtaining were carried out in the conditions of JSC 
«Motor Sich» (Ukraine) by SLS on a 3D printer EOS M400, which has a printing accuracy of 100 μm and a 
print area of 400 x 400 x 400 mm. The samples were subjected to hot isostatic pressing followed by heat 
treatment, in accordance with the requirements of the technical conditions for aerospace materials ASM 
5662M. Powders made in Great Britain («LPW») and China («Sino Euro») were used as starting powder 
materials. 

The chemical composition of the alloy Inconel 718 was determined by spectral and chemical analysis. 
Determination of the mechanical properties of the samples was performed as follows: long-term strength was 
determined on the Instron M3 at a temperature of 800 °C and a constant applied load of 206 MPa; ultimate 
stress (σu), 0.2 % proof  stress (σ0,2), relative extension (δ) and relative narrowing (Ψ) were tested on a rupture 
machine ZDMY30;  toughness (KCU) was determined on impact samples with a concentrator of type U, tested 
on a pendulum dill Instron SI-1 M; Brinell hardness was determined on a LECOAMH-43 hardness tester.  To 
determine the mechanical properties, samples of cylindrical (diameter 14 mm) and rectangular (with a cross 
section of 16 mm) shapes were made. Five specimens grown in both the horizontal direction XY and the 
vertical direction Z were tested. Heat-resistant properties of the samples were determined at a temperature of 
650 °C and an applied load of 687 MPa. Structural studies were performed on undigested sections on a 
microscope «Axio Observer. Dlm». 

Approbation of SLS technology to obtain aviation parts was carried out by 3D-printing of the cooled nozzle of 
the turbine and the swirler for the needs of the combustion chamber of the aircraft engine. 

3. RESULTS OF THE STUDY 

Analysis of the chemical composition of the heat-resistant alloy Inconel 718, obtained by the SLS method from 
powders produced in Great Britain («LPW») and China («Sino Euro»), showed that the composition complies 
with ASM 5662M for Inconel 718 and TU 14-1-3905 -85 for EP718-VD alloy. 

Analysis of the mechanical properties of the alloy Inconel 718, obtained from the powder company «LPW», 
showed that both in the horizontal direction XY (Table 1) and in the vertical direction Z (Table 2), the properties 
meet the standards of ASM 5662M. 

Considering the properties of the alloy Inconel 718, obtained from the powder company «Sino Euro» found 
that in comparison with the values of horizontal samples (XY direction) for vertical samples (Z direction) is 
characterized by some decrease in strength characteristics (in particular, σu, σ0,2 - within normal limits ASM 
5662M) and increase of plastic characteristics (in particular, δ, Ψ and KCU) (Table 2). It is also observed in 
the vertical direction of exceeding the toughness of the alloy Inconel 718 by 10.25 J/cm2 in comparison with 
the norms of TU 14-1-3905-85 for the alloy EP718-VD (Table 3). 

Analyzing the heat-resistant properties of cylindrical heat-treated samples of Inconel 718 alloy, it was found 
that (Table 3): time to fracture of samples from powders of «LPW» and «Sino Euro» in the vertical direction is 
1.9 and 1.4 times higher than in the horizontal direction; for samples from «Sino Euro» powder, compared to 
«LPW» powder samples, the time to failure is 3.2 and 2.4 times longer in the horizontal and vertical directions, 
respectively. 
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Table 1 Mechanical properties of the alloy Inconel 718, obtained from powders of different production, and  
              the standard ASM 5662M in the horizontal direction XY 

№   
of sample 

σ u,   
Мpа 

σ0,2, 

МPа 
δ,   
% 

Ψ,  
% 

KCU,  
kJ/m2  

Brinell 
hardness, НВ 

Powder  of the firm  «LPW» 

1 1490 1292 22.5 33.4 38.0 429 

2 1492 1298 22.0 32.3 37.5 444 

3 1488 1278 22.0 36.6 31.0 444 

4 1481 1260 21.0 30.0 - - 

5 1493 1286 22.0 36.3 - - 

Powder  of the firm «Sino Euro» 

1 1506 1312 15.2 18.5 120.1 430 

2 1506 1316 15.6 15.4 134.8 444 

3 1502 1310 20.0 18.8 137.8 444 

4 1512 1325 15.2 15.0 - - 

5 1509 1323 16.0 18.7 - - 

Norms of АМS 5662M 

 ≥1276 ≥1034 ≥12 ≥15 - ≥331 

Table 2 Mechanical properties of Inconel 718 alloy obtained from powders of different production and  
               standards ASM 5662M and TU 14-1-3905-85 in the vertical direction Z 

№   

of sample 

σ u,   

Мpа 

σ0,2, 

МPа 

δ,   

% 

Ψ,  

% 

KCU,  

kJ/m2  

Brinell 

hardness, НВ 

Powder  of the firm  «LPW» 

1 1408 1210 24.0 42.2 - - 

2 1408 1197 23.5 39.4 - - 

3 1408 1193 29.0 42.4 - - 

4 1402 1209 26.5 42.2 - - 

5 1414 1200 24.0 42.3 - - 

Powder  of the firm «Sino Euro» 

1 1425 1243 20.0 18.7 13.3 461 

2 1428 1237 18.8 21.9 13.75 444 

3 1432 1243 12.4 10.9 12.5 461 

4 1433 1251 15.6 18.3 - - 

5 1431 1200 16.4 18.5 - - 

Norms of АМS 5662M   

 ≥1241 ≥1034 ≥10 ≥12 - ≥331 

Norms of TU 14-1-3905-85 

 ≥1250 ≥700 ≥12 ≥14 ≥3.5 363-293 
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Table 3 Comparison of heat-resistant properties of the alloy Inconel 718, obtained from powders of different  
              production, and the norms of ASM 5662M and TU 14-1-3905-85 

Characteristic Time to fracture, h  

Powder  of the firm  «LPW»  Powder  of the firm «Sino Euro» 

Horizontal direction XY 49..3 158.3 

Vertical direction Z 94.4 224.0 

Norms of АМS 5662M   23.0 

Norms of TU 14-1-3905-85 60.0 

It should be noted that by changing the parameters of manufacturing parts by SLS it is easier to regulate the 
structure of metal products in the process of their production in comparison with products obtained by casting 
and forging. It was found that the microstructure of samples from Inconel 718 alloy grown using SLS technology 
from «Sino Euro» powder (Figure 1), after heat treatment (along the impact sample) is dense, homogeneous 
and characterized by fine-grained structure with the presence of macrograins elongated in the direction growth 
of the sample. Metallographic studies revealed the presence of insignificant microporosity (both in the 
horizontal direction XY and in the vertical direction Z) with a pore size of up to 15 μm (Figure 2). 

The process of additive cultivation of structural elements of gas turbine engines (in particular, cooled turbine 
nozzle and swirler for the combustion chamber of the aircraft engine) involves the transfer of a virtual geometric 
model to the equipment, which then turns it into a real product.  SLS technology is used for rapid prototyping 
of parts, ie as an accelerated method of creating test parts before starting production with the use of machining 
or replacement of used and broken parts. 

       

Figure 1 Microstructure of heat-treated samples of Inconel 718 alloy grown with SLS technology from «Sino 
Euro» powder 

                  

Figure 2 Porosity of heat-treated samples of the alloy Inconel 718, grown using SLS technology from 
powder company «Sino Euro» 

Considering the possibilities of growing SLS technology with a cooled turbine nozzle and vortex for the needs 
of the combustion chamber of the aircraft engine, a 3D-model of aviation parts was built using Unigraphics NX 
7.5. This allows you to model the desired detail in the directions X, Y, Z and see it in different projections 
(Figure 3 and Figure 4). The values of geometric dimensions of the serial part, temperature regime of the unit, 
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heat resistance, heat resistance, thermal conductivity of the alloy and others were used as initial data for the 
construction of the 3D-model. 

                           

Figure 3 3D-model for the cooled turbine nozzle apparatus production with the help of SLS technology  

It is established that the process of 3D-printing of aviation parts (Figure 5) is characterized by a smaller number 
of technological operations (reduced equipment costs and additional machining) and simplifies product 
prototyping. The cooled nozzle apparatus of the turbine (Figure 5, a) and the vortex for the needs of the 
combustion chamber of the aircraft engine (Figure 5, b) grown by means of 3D-printing also have 12 - 20 % 
less mass in comparison with their metal analogues. 

                             

Figure 4 3D-model for the production of swirlers obtained by using SLS 

a)          

b)          

Figure 5 Aviation spare parts obtained by using SLS technology out of Inconel 718 alloy: a - sector of the 
turbine nozzle apparatus; b - swirler 
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4. CONCLUSION  

Comparative analysis of Inconel 718 mechanical properties alloy, obtained by the technology of selective laser 
sintering of powders produced in Great Britain («LPW») and China («Sino Euro») with normative 
characteristics ASM 5662M (for Inconel 718 alloy) and TU 14-1 -3905-85 (for alloy EP718-VD), showed that 
the samples grown in the vertical direction Z is characterized by a slight decrease in strength characteristics 
and increase in plastic characteristics compared to the values of samples grown in the horizontal direction XY. 

Heat-resistant properties analysis of samples from Inconel 718 alloy, obtained by in the horizontal direction XY 
and in the vertical direction Z, showed their compliance with AMS 5662M. 

It was found that the microstructure of Inconel 718 alloy samples is dense after heat treatment along with the 
impact sample, homogeneous and characterized by a fine-grained structure with the presence of macrograins 
elongated in the direction of sample growth. Both in the horizontal direction XY and in the vertical direction Z 
there is a slight microporosity with a pore size up to 15 μm. 

The possibility of obtaining of aviation spare parts, cooled nozzle of the turbine and swirlers, namely, out of 
Inconel 718 alloy with the help of SLS technology, which have 12 - 20 % less weight compared to their metal 
analogs, obtained by machining, is showed. 
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Abstract 

In December 2017 there was a crash of footbridge in Prague - Troja. This failure led to an increase in interest 
in current status of prestressed concrete stress-ribbon bridges in the Czech Republic and maximum effort to 
prevent another accident. During next years were identified and subsequently closed other footbridges with 
proven structural failure of bearing parts. The presented paper describes material analysis of prestressed 
concrete construction performed on one of observed footbridge. Material analyses confirmed the good material 
condition except of corrosion attack concentrated in the middle part of the footbridge and especially in the 
connections between neighbouring segments. Performed analyses revealed fatal decrease of diameter of 
most strands in the critical middle part of the bridge caused by corrosion enhanced by the maintenance by 
salting during winter and, most probably, also by two floods in the near past. Main purpose of experimental 
research was to identify weak spots in construction which contributes to development of corrosion of bearing 
cables in prestressed concrete construction. 

Keywords: Prestressed concrete construction, corrosion, bearing cable, metallography, fractography 

1. INTRODUCTION 

In a prestressed concrete stress ribbon bridge high strength steel cables are passed through a series of precast 
concrete components, the deck assembly of which can be tensioned from stiff abutments. Whereas in a 
suspension bridge the main load carrying component is the cable with the deck acting as a stiffening element, 
in a stress ribbon bridge both the cable and the deck can be independently tensioned, thus adding considerable 
rigidity to the structure 1. Although such footbridges can be thanks to the relatively light loads easily 
oversized, they can suffer by climatic and environmental effects, which can in the end shorten their life. 

The accident of footbridge in Prague - Troja in 2017 led to increased interest in current status of footbridges, 
mainly the problem of corrosion of high strength steel bearing cables in prestressed concrete stress ribbon 
bridges. It is necessary to accent that reinforced concrete construction often contains spaces between concrete 
and steel strands where corrosion can significantly accelerate.  

This paper targets to identify the causes which can lead to fatal failure of footbridge due to corrosion of steel 
cables in the prestressed concrete construction. Methods used for analysis were based on metallography and 
fractography assessment of failed strands and evaluation of corrosion damage in different location of strands. 
Chemical analysis was used for analysis of corrosion products and content of chloride ions and its potential 
effect on acceleration of the corrosion rate. 

2. EXPERIMENTAL MATERIAL AND TEST METHODS 

Footbridge was composed of prefabricated concrete segments that contained 14 circular channels in the 
central part for a bearing cables and a pair of troughs on each side for assembly cables. Six bearing cables 
were stretched in each channel and they were protected by sealing steel tubes at the joints of the segments 
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and at the anchorage point. After prestressing, these channels were filled with grout or concrete. Assembly 
cables placed in the troughs were covered by concrete with minimum thickness 5.5 cm above the upper row 
of cables. The tensile strength of strands of bearing and assembly cables is approximately 1800 MPa 1,2. 
Constructions of footbridges of similar type are well described in 1-3 

Visual inspection revealed heavily corroded strands of bearing cables especially located just to the segment 
ends where even the protection sealing tubes were destroyed by corrosion, Figure 1 and Figure 2. Detailed 
view of the corroded and deformed ends of broken cables is stated in Figure 3 and the same view of not 
damaged wires in bearing cables fully covered by injection grout is stated in Figure 4. 

 

Figure 1 Broken and corroded strands of bearing 
cables 

 

Figure 2 Corroded sealing steel tubes at the end of 
a segment 

 

Figure 3 Detail of broken and corroded wire 
ends of bearing cable 

 

Figure 4 Detail of wires in bearing cables fully 
covered by injection grout 

Except of visual analysis of damaged strands of bearing cables was performed also chemical analysis of 
leachate of sediments on cables, metallographic analysis of damaged and undamaged cables and 
fractographic analysis of broken strands of cables. 
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3. TEST RESULTS 

Chemical analysis was carried out on a leachate obtained from corrosion products of bearing cables located 
in the most corrosion damaged but not broken places. The aim of this analysis was to determine pH of water 
solution and also the content of chlorides, which was measured by Mohr´s titration method. Subsequently was 
also carried out analysis of chemical composition of corrosion products of cable. The results of these analyses 
are summarized in Tables 1 and 2. 

Table 1 Results of determination of pH and concentration of chlorides in water leachate 

pH 
Chlorides, Cl- 

mg.l-1 

6.68 58.5 

Table 2 Results of chemical analysis of corrosion products on wire surface 

Femetal FeO Fe2O3 MnO Si02 Mg0 Na2O Cl- F- 

wt. % 

1.15 15.65 73.88 0.21 0.45 0.25 0.10 <0.01 <0.01 

From the results of chemical analysis listed in Table 1 it is clear that water leachate had neutral pH and 
contained very low concentration of chlorides Cl-. In comparison to the limit of chlorides in drinking water that 
is 250 mg.l-1 is the concentration of chlorides around the wire strands relatively low. Chemical composition of 
corrosion product then corresponds with corrosion of iron and/or steel. Analysis also did not prove presence 
of increased content of compounds of other elements that could act as accelerators of corrosion process.  

Visual examination revealed that the most heavily corroded cables were located approximately in the central 
third of the total footbridge length where was also the highest point of the footbridge and where the central 
channels with the prestressed bearing cables were not completely filled with concrete or grout. Metallographic 
analysis then revealed that cables sampled from undamaged location, where the cable was completely poured 
in injection mixture were in a very good condition with no significant signs of corrosion, Figure 5. In corroded 
wire strands taken from the central part of a footbridge where they were not been grouted completely, 
metallography analysis proved considerable reduction of the load-bearing profile of the wire, thick corrosion 
layer along the whole wire, heavy internal corrosion and corrosion blunted ends of a wire, Figure 6. 

            

Figure 5 Cross section and very mild corrosion attack of a wire strand in completely injected cable 
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Figure 6 Cross section and heavy corrosion attack of a wire strand in a damaged cable 

Microstructure of the wire was pearlitic, but locally there were observed thin films of different contrast (probably 
ferrite or cementite) elongated in direction of wire drawing. 

Fractographical analysis was performed on two samples that visually represented two different types of 
fracture. Fracture surface of the first specimen had a shape of letter V and was covered by heavy corrosion 
layer. After cleaning the fracture surface was formed by ductile dimple fracture with elongated dimples, 
Figure 7. The second analyzed wire was corroded so heavily that its diameter was considerably narrowed and 
the end of the wire had many longitudinal and transverse cracks, Figure 8. Supposed fracture mechanism 
was primarily corrosion damage with subsequent break of remaining cross section by fracture from overload. 

 

Figure 7 Ductile fracture with elongated dimples 

 

Figure 8 Fracture surface of corrosion damaged 
wire 

Results of metallographic and fractographic analysis confirmed conclusions of visual observations. Bearing 
cables were locally strongly affected by general corrosion that damaged not only the surface of the wire strands 
inside the cable but progressed even along the elongated grain boundaries of the cold drawn wires. Such 
strong corrosion attack with very thick oxide layers means that many strands of cable wires were broken long 
time before the total collapse of the footbridge. 
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4. DISCUSSION OF RESULTS 

The primary cause of the footbridge collapse was the extensive general corrosion of the entire strands of steel 
wires in reinforcing prestressed cables. While at both outer thirds of the footbridge these prestressing cables, 
stretched over the entire length of the footbridge in 14 channels in the central part of the footbridge panels, 
were fully covered with injection grout and/or cement mixture, in the central third of the footbridge length the 
cables were either covered insufficiently or not at all. The individual wires in the injection grout protected parts 
of the footbridge showed only insignificant and shallow corrosion attack, however, in places where the grouting 
was absent, the wires were locally corroded very heavily. In most cases the areas of intense corrosion 
corresponded to the joints between the individual panels of the footbridge, where the protection tubes inserted 
in the end of each panel were also heavily corroded and even perforated. This suggests that water seeping 
from the surface of the footbridge at the panel joints is responsible for such a corrosion attack. These joints 
represent in general weak points of the structure where deformations of the stiff concrete panel are transferred 
with the necessary concentration of stresses and where, therefore, cracks are most likely to initiate. It seems 
that even sealing steel pipes used to bridge the joints between the individual footbridge panels had not fulfilled 
the expected protective effect. 

Method for calculation of general corrosion rate is stated in standard ČSN EN ISO 9223 and is based on 
atmosphere conditions like average temperature, relative humidity, mean deposition rate of sulphur dioxide 
(SO2) and mean deposition rate of chlorides [4]. Corrosion loss calculated according this method for the worst 
corrosion conditions (maximum relative humidity 100 %, maximum deposition rates of SO2 and chlorides) 
increases from 0.4 mm after the first year of operation through 1.5 mm after 10 years, 2 mm after 20 years, up 
to 3.5 mm after 50 years of operation. Of course, this method is valid for atmospheric corrosion. However, in 
the case of corrosion inside closed or near closed prestressed concrete construction has to be supposed 
formation of cryptoclimate, which may significantly accelerate corrosion rate due to repeated evaporation and 
subsequent condensation of water. That all in combination with changes of air temperature and deicing of 
footbridge during winter by salt created suitable conditions for heavy corrosion attack, whereas real rates of 
corrosion of carbon steel can achieve even as much as 2 mm per year [4]. Important condition for this corrosion 
rate is existence of locations where is water presented in both states at air access. This condition is most often 
met in locations of maximum deflection of footbridge and/or in spaces where the grouting ends. 

5. CONCLUSIONS 

Results of analysis performed on samples obtained from damaged prestressed footbridge confirmed extensive 
corrosion damage of strands of bearing cables. These bearing cables were stretched in channels passing 
through all the concrete segments of the footbridge and had to be poured with injection grout. Due to the 
incompletely fulfilled channels in the central part of the footbridge, the extensive corrosion attack started in the 
joints between concrete segments, even though protection steel tubes were placed in these joints. The marks 
of heavy corrosion attack (significantly thinned cross section of whole cables or individual wires corroded in 
extreme cases into the needle tip) repeated on a cable in the distance corresponding to the length of the bridge 
segments. Higher risk of water leakage from the broken footbridge surface into the channels just exists in the 
segment joints. These joints thus represent the weakest point and pose the highest risk of the premature failure 
of the construction. Therefore, increased attention to regular and periodic inspections focused on these critical 
areas of the bridge structure. 

ACKNOWLEDGEMENTS 

This paper was created in the frame of the Institutional support for long-term and conceptual 
development of a research organization in 2019, provided by the Ministry of Industry and 

Trade of the Czech Republic. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

555 

REFERENCES 

[1] STRASKY, J. The stress-ribbon footbridge across the river Vltava in Prague. L´Industria Italiana del Cemento. 
1987, vol. 10, pp. 638-653. 

[2] HART, W. H., LEE, S. K. Modelling and Projecting the Onset and Subsequent Failure Rate of Corroding Bridge 
Post-Tension Tendons Arising from Deficient Grout. Corrosion. 2018, vol. 74, no. 2, pp. 241-248. 

[3] COBO DEL ARCO, D., APARICIO, A. C., MARI, A. R.: Preliminary Design of Prestressed Concrete Stress 
Ribbon Bridge. Journal of Bridge Engineering. July/August 2001, pp. 234 - 242. 

[4] ČSN EN ISO 9223: Koroze kovů a slitin - Korozní agresivita atmosfér - Klasifikace, stanovení a odhad. Praha: 
Úřad pro technickou normalizaci, metrologii a státní zkušebnictví. 2012. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

556 

SMALL PUNCH TEST - TWO METHODS OF TSP TEMPERATURE DETERMINATION  

1Šárka STEJSKALOVÁ, 1Ladislav KANDER, 1Petr ČÍŽEK 

1Material and metallurgical Research, Ltd., sarka.stejskalova@mmvyzkum.cz 

https://doi.org/10.37904/metal.2021.4158 

Abstract  

Small punch test is very useful method for evaluation of actual material properties of components especially 
in power industry. Two standards cover small punch test method - European standard and ASTM standard. 
These standards unified the main parameters of small punch test set-up and correlation relationships for the 
evaluation of mechanical, fracture and creep properties. The paper deals with comparison of two methods for 
determination of TSP temperature used to evaluate DBTT. The historically used two-curve method relies on 
two distinctive energies - the fracture energy at the zero-point of the absolute temperature, that is determined 
by extrapolating the fitted function for the lower shelf, and the fracture energy at the intersection point between 
the fits for the lower and upper shelves. The method preferred by new standards calculates TSP temperature 
by fitting a tangential function in the similar way as various formulas used for evaluation of Charpy tests. 
Presented paper deals with an evaluation of TSP temperature by both methods. The effect of using both 2 mm 
and 2.5 mm diameter punches is assessed too.  

Keywords: Small punch test, standard for small punch test method, determination of TSP temperature, 
punch diameter  

1. INTRODUCTION 

The small punch test (SPT) has been established as widely used method for the assessment of the mechanical 
properties, fracture properties, creep properties and the evaluation of residual lifetime especially in cases, 
where it is technically difficult or even impossible to obtain enough bulk material for standard tests. This paper 
focuses on TSP temperature determination that is used to calculate the ductile-brittle transition temperature 
(DBTT). In 2020 year, two standards cover SPT method were finalized and issued - an European standard on 
SP testing of metallic materials EN 10371 [1] and ASTM standard E3205-20 (Test method for small punch 
testing of metallic materials) [2].  

Both standards unified the main parameters of SP set up and the correlation equations for determining material 
properties mentioned above. There are two methods of TSP determination from SPT used in this paper: a two-
curve method still commonly used in MMV and evaluation using the tangential function according to European 
standard. At the same time the article presents a comparison of SPT results obtained using punch with a 
diameter of 2 mm and 2.5 mm. 

Main changes introduced by the European standard EN 10371 are the use of a 2.5 mm punch diameter and 
the use of a tangential function for determination of TSP from SP energy. 

2. THE ESTIMATION OF TSP FROM SP ENERGY 

The small punch test is a very potential method for evaluation residual life time assessment. This method can 
be used both for evaluation of material properties (yield stress, tensile strength) and transition behaviour (DBTT 
temperature. Generally, two methods for evaluation of DBTT exist first and older approach is based on two 
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curves exponential fitting of small punch test energy (ESP) second one is based on fitting of normalized fracture 
energy (En) by tanh function. 

In order to determine the DBTT by the SPT method, it is essential to determine the TSP temperature value from 
the SP energy. A linear correlation between SP ductile to brittle transition temperature TSP, and the Charpy 
transition temperature, DBTT, is given in Formula (1): 

TSP = α * DBTT                (1) 

Where correlation factor α was found to be about 0.43 and depends on material properties, structure and other 
parameters (grain size). The TSP can be extracted from multiple SP tests at different temperatures. From a 
single force-displacement/deflection curve the energy ESP is calculated. Doing this for different temperatures, 
the ESP (T) dependence is constructed and TSP evaluated. The total SP energy is calculated as the area under 
the force-displacement or force-deflection curve, the calculation takes into account the energy up to the 
deflection or displacement at maximum force Fm. [1] 

2.1. The determination of TSP using two-curve method 

This method takes into account the separate two parts of the ESP - the lower and upper shelves (see Figure 1), 
where the lower shelf includes the transition region. In this approach two distinctive energies can be defined: 
Emin, the fracture energy at the zero point of the liquid nitrogen temperature, is determined by extrapolating the 
fitted function for the lower shelf. Emax is the fracture energy at the intersection point between the fits for the 
lower and upper shelves. The TSP temperature is then defined as the temperature where: 

TSP = (Emin + Emax)/2              (2) 

 

Figure 1 TSP temperature determination using two-curve method 

In MMV this method has been used for more than 20 years to evaluate a large amount of data (boiler drums, 
valves, pipes, turbine shafts and cases, overheaters etc.). During this time, it has been proven to be a reliable 
method that reflects actual fracture property of steels accurately and sensitively.   

2.2. The determination of TSP using a tangential function 

European standard prefers TSP determination by using of a tangential function. The normalized energy for 
fitting procedure is defined by Formula (3): 

En = ESP/Fm               (3) 

A tanh-fitting procedure can be applied for the En (T) dependence. The fitting curve is described by Formula 
(4) [1]: 
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The normalization procedure leads to elimination or significant reduction of the decreasing behaviour of the 
upper shelf energy since the maximum force is also decreasing with temperature. On the other hand, the 
constraint correction has to be applied to data as in the most cases negative lower shelf energy (ELS 0), which 
is physically nonsense, is identified especially for tough materials. The standard prescribes a minimum of 12 
specimens that should be tested to construct dependence. At least three of the specimens should be tested in 
the range of the upper shelf energy. Figure 2 shows an example of plot for P92 steel. 

Advantage of tangential function for TSP evaluation is that the resulting dependence has the same shape as 
the well-known temperature dependence of the Charpy impact test, so it is familiar to many people. Although 
some sources state that the evaluation using tangential function is more accurate [3,4], when we processed 
the data in MMV we came to completely different results as it is stated in chapter 4. 

Same experiences were found in VUJE (Slovakia) where only two curves fitting method is used for evaluation 
of actual properties of irradiated components. 

 

Figure 2 Determination of TSP using the normalized energy. Steel P92; TSP = -116 °C (red point) [1] 

3. THE USE OF A 2 MM AND 2.5 MM PUNCH DIAMETER  

Historically in MMV SPT was carried out with a 2 mm punch diameter. Then, when the standards established 
the use of a 2.5 mm punch diameter, it was necessary to maintain continuity in the reassessment of individual 
components. For this reason, we have included SPT evaluation of materials using both 2 mm and 2.5 mm 
diameter punches. These results are shown in chapter 4 too. 

4. RESULTS 

The effect of the method used to evaluate the TSP temperature and punch diameter is shown in the results for 
P91 grade. These are steam pipes of P91 grade in as-received conditions (with dimensions Ø 605 x 35 mm 
and Ø 116 x 35 mm) and another one after the exposure (600 °C/ 7500 h). Then steam pipes of P92 grade (Ø 
530 x 90 mm) and another one with increased content of Cu (Ø 300 x 25 mm), both of them in as-received 
condition. 

4.1. Determination of TSP temperature 

Due to the limited extend of this paper, only the results of the P91 pipes are presented. Figure 3 shows the 
processing of the measured SP energy values using the two-curve method. At the same time, the influence of 
the punch diameter is also presented in Figure 3.  
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   a       b 

Figure 3 Effect of diameter of the puncher on TSP temperature determined from ESP energy using two curve 
methods for P91 grade steam pipes, as virgin state and after thermal exposure 7500 hours 

Figure 4 and Figure 5 show the processing of the normalized energy values using the tangential function 
using a 2 mm and 2.5 mm punch diameter, respectively.  

One of the disadvantages of this method appears to be the number and distribution of measured values that 
the tangential function is fitted with. If there are few points on the lower shelf and all others are closer to the 
upper shelf, the tangential function cannot be fitted (see Figure 5a). Another point for discussion in using the 
tangential function is that a minimum value for the lower shelf has to be set manually, which can also 
significantly affect the resulting TSP temperature. 

  
   a       b 

Figure 4 Determination of TSP temperature using a tangential function for P91 grade steam pipe – 2 mm 
punch diameter 

  
a       b  

Figure 5 Determination of TSP temperature by using a tangential function for P91 grade steam pipe - 2.5 mm 
punch diameter 
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A comparison of the TSP temperature values evaluated by the two-curve method and the tangential method 
using both punches for grades P91 and P92 is shown in Table 1. The determination of the TSP temperature 
using the tangential function shifted all temperatures to lower, less conservative values compared to the results 
of the two-curve method. Since the TSP temperature is used to calculate the DBTT, this fact is quite problematic.  

Table 1 TSP temperature determined using two curves method and tangential function for steam pipes of P91 
             and P92 grade  

 TSP - two curve method [K] TSP - tangent function [K] 

punch diameter  2 mm  2.5 mm 2 mm  2.5 mm 

P91 Ø 605 x 35 mm 104 112 101 (101) 

P91 Ø 116 x 35 mm 114 96 93 88 

P91 after 600 °C/7500h 114 111 121 93 

P92_90_I 130 128 136 105 

P92 after 650 °C/7500h 129 114 130 98 

P92 +Cu 139 121 146 119 

Based on long-term practical experience and a large amount of measured data in MMV (hundreds of 
components), it can be concluded that the evaluation of TSP temperature by the two-curve method responds 
very well to changes in material actual properties as well as this approach more sensitive show various effect 
of metallurgical parameters on fracture behaviour [5].  

On the other hand, various metallurgical effects (aging, heat treatment etc.) are indistinct when using new tanh 
fitting. This fact can be seen in Table 1 and it is clearer for 2.5 mm puncher diameter. Similar evaluation has 
been carried out for historical results collected in last two decades with the same result - using tanh fitting less 
conservative results in TSP were obtained. 

5. CONCLUSION 

In terms of presented experimental work based on a lot of experimental data evaluated in the last two decades 
we can conclude following results: 

 There are two approaches for evaluation of transition DBTT temperature from SP tests, one is based 
on two exponential curves second and preferred in new standards is base on tanh function. As the tanh 
function seems to be user more friendly as this shape is already used for Vidal curve experimental 
results clearly seen nonconservative evaluation by this way. Even sensitivity for various metallurgical 
factors (aging, heat treatment) is less compare to the results from two curve exponential fitting [5]. This 
fact is clearly seen especially for 2.5 mm puncher diameter on Table 1, where only a few components - 
transition temperatures are presented. 

 In the case of tough materials, usually used in power industry, the normalization procedure needs the 
constraint correction as in the most cases negative lower shelf energy (ELS 0), which is physically 
nonsense, is identified. When using the tangential function, a minimum value for the lower shelf has to 
be set manually, which can also affect the resulting TSP temperature significantly. 
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Abstract 

The temperature of the hot bending of creep resistant steels is usually performed above the transition 
temperature Ac3. The steel thus undergoes a short-term austenitization followed by martensitic and/or bainitic 
transformation during subsequent fast cooling. Especially in the case of alloyed steels the austenitization is 
too short to allow dissolution of special carbides and/or nitrides, which results in the bimodal distribution of 
these secondary phases after bending. In order to guarantee the required material properties as well as 
homogeneous final microstructure after bending, it is necessary to perform the complete post bend heat 
treatment (PBHT) comprising of normalizing and tempering. 

In order to verify the influence of omitted normalization after bending on the material properties of a pipe bend 
made of 0.5Cr-0.5Mo-0.3V heat resistant steel, two different heat treatment modes were applied after a heat 
cycle simulating hot bending, the first inclusive normalizing and tempering and the second where the material 
was only tempered. Comprehensive analysis of mechanical properties, microstructure, substructure and creep 
resistance was then performed to confirm the effect of PBHT regime on material behaviour. 

Keywords: 0.5Cr-0.5Mo-0.3V steel, hot bending, post bend heat treatment, microstructure, stress rupture test 

1. INTRODUCTION 

During hot bending of thick pipes, the required heat is generated in the inductor and only narrow annular hot 
zone is formed on the pipe, which continuously moves along the length of the bend and in which the shape 
deformation of the pipe occurs. The width of the heated area must be limited to prevent uncontrolled 
deformation of the pipe outside the inductor area and, therefore, the heated part of the pipe is cooled down by 
spraying water immediately behind the inductor. During bending, the temperature in the bending zone is kept 
constant and usually above the temperature Ac3. It means that the steel undergoes a short-term austenitization 
cycle, in which austenite is formed first and after rapid cooling, especially in pipes with a relatively small wall 
thickness made of alloyed steels, it transforms into martensite and/or bainite. Temperature of bending must 
be high enough to obtain good plasticity and low bending forces, but not so high to allow austenitic grain 
growth, since such an effect cannot be completely removed by the following heat treatment. During bending, 
the material undergoes extensive plastic deformation, too. There is a tensile stress on the outer fiber of the 
bending tube (extrados) and as a result the wall thickness decreases there. Conversely, on the inside part of 
the bend (intrados), the material is compressed, which leads to an increase in wall thickness [1,2]. During 
bending at temperatures above Ac3, ferrite (perlite, bainite or martensite) is completely converted into austenite. 
However, although the temperature is sufficient for this transformation, it is generally not sufficient for complete 
homogenization of austenite, especially in alloyed steels. Especially in the case of heat-resistant steels, the 
good condition of the material in the as-received state is the most important prerequisite for meeting the 
expected high-temperature resistance. During hot bending above Ac3, heat-resistant steels also transform into 
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austenite, but relatively low temperature and the short time at it do not allow the complete and desirable 
homogenization of austenite including the dissolution of secondary phases (vanadium carbides or 
carbonitrides). These precipitates dissolve only partially and partially coarsen. If such a microstructure is further 
subjected to complete normalization and tempering, the influence of previous operations will be erased and 
small and dispersed particles of secondary phases are formed in the structure. However, if the pipe is not 
normalized after bending, but it is only tempered, the particles of the secondary phase are precipitating during 
tempering, but their amount will be smaller by the proportion which remains undissolved during bending and 
these particles will further coarsen during tempering. The result is the microstructure with a bimodal secondary 
phase distribution, with fine carbides dissolved and coarse ones coarsened even more during further operation 
at elevated temperatures. All this has a negative effect on the precipitation hardening, and thus has a significant 
negative effect on the creep resistance either steel either welded joints [3,4]. The external manifestation of this 
phenomenon should be reduced strength and hardness, but more significantly, the decrease in material 
properties and creep resistance will only become apparent after some time of exposure to high temperature. 

In order to verify the influence of omitted normalization after bending on the material properties of a pipe bend 
made of 0.5Cr-0.5Mo-0.3V heat resistant steel, two different heat treatment modes were applied after a heat 
cycle simulating hot bending, the first inclusive normalizing and tempering and the second where the material 
was only tempered. 

2. TESTED MATERIAL AND PROCEDURES 

The experimental material was a pipe Ø 370 x 22 mm that was subjected to the same heating and cooling 
regime as is used during hot bending. Then, the sample was divided into two identical halves; one half was 
heat treated by normalization (980 °C/1h/air) and tempering (710 °C/2.5 h/air), the other was subjected only 
to tempering at 710 °C/2.5 h/air. After heat treatment comparative material analyses were performed on the 
both samples obtained, including: 

 tensile test at room temperature, 

 Charpy-V tests at various temperatures and determination of the transition temperature DBTT, 

 measurement of hardness profile around the circumference and across the pipe wall, 

 analysis of microstructure, 

 analysis of substructure aimed in finding the differences between the samples in amount, size and 
distribution of the secondary particles, 

 short-term stress rupture tests (up to 3,000 hours) and determination of creep rupture strength. 

3. RESULTS OF ANALYSES OF MECHANICAL PROPERTIES 

The results of the tests of mechanical properties showed full compliance with the requirements of the material 
standard, not only for the grade 15 128.5 (normalized and tempered condition) but even for the grade 15 128.9, 
(quenched and tempered condition), which has up to 30 % higher either short-term strength either creep 
resistance. There was also big difference in mechanical strength between the samples, when the pipe that 
was only tempered had strength about 100 MPa higher than the pipe subjected to the complete post-bend 
heat treatment mode (see Table 1). From a purely formal point of view, it may thus appear that a sample 
subjected to only tempering after bending achieves better material properties (namely strength) than a sample 
after a complete post-bend heat treatment. Charpy V-notch tests were performed on test specimens with 
tangential orientation to the pipe and in the temperature range from -40 °C to +50 °C. Graphic comparison of 
the measured data of both samples is stated in Figure 1 in the form of temperature dependences of the 
absorbed impact energy. 
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Table 1 Results of tensile tests 

Sample 

Proof 

stress 

Tensile 

strength 
Elongation 

Reduction 

of area 

(MPa) (%) 

Full PBHT 451 586 27.5 77.0 

Tempered 572 675 20.7 78.0 

15 128.5 ≥ 365 490-690 min. 18 - 

15 128.9 ≥ 430 570-740 min. 17 - 
 

 

Figure 1 Vidal curve for impact energy KV 

The results of the Charpy V-notch tests (Figure 1) showed a steeper slope of the impact energy for the sample 
that was subjected to complete PBHT, on the contrary the upper shelf is higher in the only tempered material. 
Also, the brittle to ductile transition temperature (DBTT) reached -4 °C in the tempered state, while in case of 
completely heat-treated samples it was +10 °C. Based on these results, the tempered material seems to have 
better resistance to brittle failure, too. The hardness profile of both pipe samples was measured around the 
circumference of the pipe and through the wall thickness and the results are shown in Figures 2 and 3.  

A comparison of these figures shows the significant difference in hardness between both samples, where the 
only tempered one has systematically higher hardness. This sample also showed a decreasing tendency of 
hardness from the outer to the inner pipe surface and had a large scatter of hardness results, the hardness 
around the circumference of this sample was within the range of 186 to 251 HV 10, while after complete PBHT 
the hardness ranged only from 154 to 183 HV 10. 

Figure 2 Hardness profile around the pipe 
circumference 

Figure 3 Hardness through the pipe wall 

4. RESULTS OF METALLOGRAPHIC AND TEM ANALYSIS OF THE STEAM PIPELINE BEND  

The microstructure of the specimen subjected to complete PBHT was heavily tempered, fine-grained and 
consisted of ferrite with carbides and almost spheroidized pearlite of variable size; some blocks were probably 
originally bainitic. Carbides were also locally precipitated along the ferritic grain boundaries, Figure 4. While 
the sample after complete PBHT had a microstructure of tempered, originally equiaxed grains composed of 
ferrite and pearlite, with a smaller proportion of bainite, the original microstructure of the sample, which was 
only tempered after bending, was a mixture of bainite and ferrite with the presence of numerous carbides 
inside the grains, Figure 5. 
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The analysis of microstructure was supplemented by the analysis of the minor phases. In the sample after 
complete PBHT, most of the secondary particles in the ferrite precipitated intragranularly in the form of small 
platelets or needles; locally were also observed globular precipitates in the ferrite. While the particles in bainite 
were cementite and the frequency of fine MX particles was low, the globulitic particles of MX-type in ferrite 
were rich in titanium. The platelets and needle-like particles in ferrite were composed of MX phase, mainly rich 
in V and Mo, Figures 6 and 7. 

 

Figure 6 Secondary phases in the sample after 
complete PBHT 

 

Figure 7 Secondary phases in the sample after 
tempering 

In order to assess the effect of different post bending heat treatment of both samples on the dispersity of 
secondary phases in ferritic grains, image analysis of them was performed. Due to the differences in the 
distribution of cementite in the two samples, the results of the image analysis of sample 1 characterize mainly 
the MX particles, while in the case of sample 2 both MX and cementite particles were analyzed. All three 
measured size parameters (mean particle diameter Dmean, maximum particle diameter Dmax and minimum 
particle diameter Dmin) are smaller in sample 1 than in sample 2, while the number of particles per unit area 
(NA) is higher in sample 1 (see Table 2). 

Figure 4 Microstructure of sample after compete 
PBHT 

Figure 5 Microstructure of sample after 
tempering 
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Table 2 Results of image analysis of particles of minor phases 

Sample 
Dmean ± STD Dmax ± STD Dmin ± STD N NA 

(nm) (-) (mm-2) 

1 32.9±16.9 57±30.1 23.4±13.1 5378 1.06.109 

2 45.7±35 66.9±57.8 30.9±26.8 1547 3.05.108 

The analysis of the precipitation in both samples showed that two minor phases were present in both samples: 
cementite and MX phase, but the precipitation of MX particles in the ferrite of sample 1 was more intense than 
in sample 2, its particles were finer and more evenly distributed. 

5. RESULTS OF SHORT-TERM STRESS RUPTURE TESTS 

In addition to the above-mentioned analyses of properties, a program of short-term stress rupture tests at 
temperatures 550 and 575 °C with expected times to rupture of 100, 300, 1,000, 3,000 and 10,000 hours was 
carried out on the both samples of pipe bend. The results of stress rupture tests are shown in Table 3 for 
sample 1 (complete PBHT) and Table 4 for sample 2 (only tempered). 

Table 3 Results of stress rupture tests of sample 1 

Temperature Stress Time to 
rupture Elongation Reduction 

of area 

(°C) (MPa) (h) (%) 

550 300 32 30.8 83.7 

550 260 36 43.7 85.4 

550 210 302 37.7 78.2 

550 170 3560 21.5 55.6 

575 235 3 40.0 88.0 

575 200 38 45.4 86.9 

575 160 424 44.5 68.1 

575 125 1631 40.2 65.9 
 

Table 4 Results of stress rupture tests of sample 2 

Temperature Stress Time to 
rupture  Elongation Reduction 

of area 

(°C) (MPa) (h) (%) 

550 300 117 20.5 71.2 

550 260 275 23.8 73.8 

550 210 1334 18.4 46.0 

550 170 2715 20.3 51.2 

575 235 90 23.8 47.9 

575 200 378 21.6 43.3 

575 160 28 35.1 69.5 

575 125 1691 30.8 37.7 
 

For comparison of both samples, these results 
are shown graphically in Figure 8 in the form of 
stress dependence of time to rupture along with 
an evaluation according to the equation 
developed in SVÚM Praha, which is used for the 
mathematical and statistical treatment of stress 
rupture and creep test results 5]. Comparison of 
the calculated stress versus time to rupture for 
the two specimens in this figure shows first a 
short-term (up to about 5,000 hours) higher creep 
strength for sample 2 (only tempered), but then 
also a sharp decrease with increasing time to 
rupture and thus potentially worse results at long 
times to fracture of the material only tempered 
after hot bending. 

Figure 8 Comparison of stress dependence of time to 
rupture for both samples 
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6. DISCUSSION AND CONCLUSION 

The observed differences in the creep strength between the two samples can be put into context with the 
results of the analyses of mechanical properties, microstructure and especially substructure. The sample, that 
underwent only tempering after bending (sample 2) has higher strength and lower FATT and seems to be the 
preferred one. However, a detailed substructural analysis revealed that the mean particle size of the 
precipitates of secondary phases, which determine the creep resistance of the steels, is higher in sample 2, 
and at the same time the number of particles per unit area of these particles is significantly lower than in the 
specimen subjected to post-bend heat treatment (sample 1). It is therefore certain that the creep resistance of 
a specimen that has not been subjected to normalisation after bending will ultimately be adversely affected.  

The explanation of the paradox, that the only tempered sample 2 achieves better results in the stress rupture 
tests, especially at lower temperature and short time to rupture, lies in the role of the individual strengthening 
mechanisms on the creep strength and especially precipitation and dislocation strengthening [6]. Precipitation 
strengthening is one of the most effective strengthening mechanisms in heat resistant steels. Assuming that 
plastic deformation occurs due to dislocation creep mechanisms, the intragranular and dispersed secondary 
phase particles have a decisive effect on the deformation rate. The role of dislocation strengthening during 
creep is different than at room temperature. While plastic deformation at room temperature results in 
multiplication of dislocations, shortening of their free paths, and thus increasing the strengthening, at high 
temperatures the effect of dislocation climbing largely eliminates this effect. The dislocations climb over the 
obstacle and thus disappear from a given slip plane and do not form a loop around the obstacle. The climbing 
of dislocations also makes their elimination significantly easier, both by mutual annihilation and at the free 
surface. This leads to a decrease in the effective density of dislocations and the associated dislocation 
strengthening. The ratio of yield stress to tensile strength in sample 2 is 0.85 (compared to 0.77 in sample 1) 
and it seems that fine-grained microstructure and dislocation strengthening plays a significant role in good 
mechanical properties of sample 2. 
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Abstract 

The present work aims to demonstrate artifacts and errors in visualization of retained austenite phase in TRIP 
steel by an electron back-scattered diffraction (EBSD) technique. Retained austenite phases size and shape 
obtained by the EBSD are directly compared with a real image of these phases acquired by means of an 
atomic force microscopy (AFM). The effect of the step size parameter used for the EBSD analysis on the 
retained austenite phase fraction and morphology is discussed in detail and quantified. Surface roughness as 
a barrier for the imaging of fine features situated on a specimen surface is demonstrated. 

Keywords: EBSD, SEM, AFM, retained austenite, TRIP steel  

1. INTRODUCTION 

Transformation induced plasticity (TRIP) steels exhibit excellent mechanical properties, such as high strength 
and ductility, due to their unique multi-phase structure [1]. Correct understanding of the structure-property 
relationship is conditioned by existence of an adequate characterization technique enabling visualization of 
the phases with high spatial resolution, their clear identification, and possibility to investigate large area on a 
specimen surface. Retained austenite plays a key role in determining the mechanical properties of TRIP steels 
and accurate knowledge of its fraction, size, morphology, and distribution with a matrix is crucial for further 
development of advanced high strength steels (AHSS). An Electron Back-Scattered Diffraction (EBSD) is the 
most commonly used technique for visualization of the retained austenite phase in TRIP steels due to clean 
difference between the Kikuchi patterns of the austenite FCC phase and other BCC phases (ferrite, bainite, 
martensite. However, the EBSD technique has a limited spatial resolution (around 40 nm) and requires perfect 
specimen surface without any contamination and preparation artifacts [2,3]. Modern AHSS steels contain 
nano-sized retained austenite phases which become for the conventional EBSD invisible. The next problem is 
a real specimen surface. Standardly used sample preparation technique for the EBSD is an electropolishing. 
TRIP steels consist of several phases and each of them has its own etching rate in an electrolyte solution. It 
results in a characteristic surface topography where the secondary phases arise from the matrix. The EBSD 
data are typically acquired at high stage tilt (about 70°) and slow scan speed. It leads to tilt and drift distortions 
that obscure or deform the phases in the final EBSD maps. In this work, we demonstrate artifacts and errors 
in the EBSD mapping of the retained austenite phase in a TRIP steel.  

2. EXPERIMENTAL 

2.1. Instruments and techniques (AFM, SEM, EBSD) 

Several characterization techniques were utilized for sample analysis. The surface morphology was 
investigated by an atomic force microscopy (AFM) integrated to a scanning electron microscope (SEM), 
namely by a LiteScopeTM (NenoVision) [4]. The LiteScopeTM instrument enables simultaneous AFM and SEM 
data acquisition and their accurate correlation. The UHR SEM Magellan 400 L (Thermofisfer Scientific [5]) 
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equipped with the Hikari EBSD camera from EDAX were employed for EBSD analysis [6]. The EDAX Team 
software was used to acquire the data under various experimental conditions. The EBSD data were analyzed 
using OIM AnalysysTM 7 software (EDAX). The EBSD parameters used in this study are following: accelerating 
voltage: 20 kV, beam current: 6.4 nA, working distance: 8 mm, binning: 4 x 4. 

2.2. Specimen 

A specimen under investigation was a TRIP steel (0.2C-1.5Si-2Mn) containing 12 % of retained austenite 
phase (measured by an X-Ray diffraction technique). The specimen was prepared by a conventional 
metallographic technique, i.e. mechanically polished with the final step of 0.25 µm diamond paste. As the final 
step of the specimen preparation, a conventional electro-polishing technique was applied. Figure 1 shows a 
result of correlative probe and electron microscopy (CPEM) technique, namely the SEM secondary electron 
(SE) image + AFM map of the specimen surface. As is visible, the specimen surface is relatively smooth, 
scratch-free, and without any preparation artifacts and contaminations. The secondary phases, i.e. the 
martensite and the retained austenite, arise from the matrix. It is a consequence of different etching rate of 
these phases in the electrolyte solution. 

 

Figure 1 AFM + SEM SE image of the TRIP steel specimen after conventional electro- polishing process  

3. RESULTS AND DISCUSSION 

Figure 2 shows the EBSD phase + image quality (IQ) maps of the same field of view obtained using different 
step size presenting information about distribution and morphology of the retained austenite phases in the 
TRIP steel specimen. Other EBSD conditions were fixed (i.e. identical scan area 33 x 26 µm and camera 
settings). Obviously, the EBSD maps acquired with small step size are able to detect also fine austenite 
phases.  Utilizing of coarser step sizes leads to neglecting of fine phases and significant reduction of area 
fraction of the retained austenite. The step size significantly affects the acquisition time of the EBSD maps. 
The total size of the analysed area is 875 µm2 and the acquisition time for the EBSD phase maps in Figure 2 
are as follows: 2h 7m 13s (40 nm step size), 58m 20s (60 nm step size), 33 m 22s (80 nm step size), 21m 3s 
(100 nm step size), 9 m 19s (50 nm step size), 5m 18s (200 nm step size), 2 m 24s (300 nm step size), 1m 
21s (400 nm step size), and 48s (500 nm step size).  
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Figure 2 EBSD phase + image quality maps of the identical area on the TRIP steel surface collected with 
various step size: 40 nm, 60 nm, 80 nm, 100 nm, 150 nm, 200 nm, 300 nm, 400 nm, and 500 nm (as marked 

in the maps), together with a corresponding graph demonstrating the effect of the step size on the area 
fraction of retained austenite 

The EBSD technique offers not only quantitative but also qualitative information about the retained austenite 
phase. Austenite size and shape are also important factor affecting the mechanical properties. Figure 3 shows 
a series of the EBSD phase maps of the same point of view obtained with different step size. The AFM 
topography map on the right side presents a reference image of the same area and shows a real shape and 
size of the retained austenite phase. Obviously, the austenite phase in the EBSD maps looks different in 
comparison with the AFM map. The elongated shape is a consequence of the specimen drift. Moreover, the 
EBSD data miss fine details even using extremely small step size. As visible in the AFM image, the austenite 
phase arises from the matrix, which combined with a high specimen tilt (75°) results in errors in the EBSD 
imaging. Direct comparison of the EBSD and the AFM data is shown in Figure 4.  

 

Figure 3 Effect of the step size on the shape of retained austenite. AFM surface topography map shows the 
real shape of the austenite phase (on the right site)   
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Step 
Area 
[m2] 

difference vs 
reality [m2] % diff 

AFM 0.458     

10 nm 0.499 -0.041 8.95 

20 nm 0.386 0.072 15.72 

40 nm 0.362 0.096 20.96 

60 nm 0.338 0.12 26.20 

80 nm 0.342 0.116 25.33 

100 nm 0.303 0.155 3384 
 

Figure 4 AFM surface topography map overlapped by the austenite phase contour obtained from the EBSD 
maps collected with various step size, together with the corresponding table demonstrating difference 

between the real size of the retained austenite constituent and size of the same phase obtained from the 
EBSD phase maps 

 

Figure 5 EBSD phase maps of the identical area on the TRIP steel surface collected using different 
specimen position on the stage (i.e. specimen rotation 0° and 90°), together with corresponding SEM 

micrograph obtained at 100 eV landing energy of the primary electrons 
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Figure 5 demonstrates the effect of the experimental setting on a visibility of the secondary phases. As 
mentioned above, the secondary phase have slower etching rate in the electrolytic solution in comparison with 
the ferrite matrix and arises from the surface. It results in shading of features situated in unsuitable positions. 
The yellow arrow in the EBSD maps and in the SEM micrograph indicates a position of the selected retained 
austenite phase. Only change of the specimen position on the stage, i.e. the specimen is rotated to 90°, leads 
to different results of the austenite mapping by the EBSD.   

4. CONCLUSION 

The EBSD technique is a common tool for characterization of retained austenite in multiphase steels. In this 
paper artifacts and errors in the EBSD mapping of the retained austenite in the TRIP steel are demonstrated. 
The main results of the paper are summarized below. 

 Precise mapping of the retained austenite phase in modern TRIP steels requires very fine step size. 

 The EBSD phase maps are not showing a real shape and size of the retained austenite phase. 

 Selective etching rate of the secondary phases in TRIP steels during the electropolishing process results 
in their arising from the matrix. It leads to invisibility of some phases situated in unsuitable positions. 
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Abstract 

The experimental material consisted of semi-finished products of high-grade, medium-carbon constructional 
steel with: manganese, chromium, nickel, molybdenum and boron. The experimental material consisted of 
steel products obtained in industry metallurgical process in electric in a 140-ton basic arc furnace and 
desulfurized with argon-refined. The samples were quenched and austenitized at a temperature of 880oC for 
30 minutes. They were then cooled in water and tempered by holding the sections at a temperature of 200, 
300, 400, 500 and 600oC for 120 minutes and air-cooled. Fatigue tests were performed with the use of a rotary 
bending machine at a frequency of 6000 cpm. The results were statistical processed and presented in graphic 
form. This paper discusses the results of oxygen content in steel on the fatigue strength characteristics of the 
average number of sample-damaging cycles and the average values of the fatigue resistance coefficient for 
various heat processing options.  

Keywords: Steel, non-metallic inclusions, fatigue strength, oxide impurities, bending fatigue 

1. INTRODUCTION 

The impurity content is also a key determinant of the quality of high-grade steel. Inclusions may also play an 
important role, subject to their type and shape. Inclusions may increase the strength of steel by inhibiting the 
development of micro-cracks. Yet as regards steel, non-metallic inclusions have mostly a negative effect which 
is dependent on their content, size, shape and distribution. The mechanical properties and fatigue strength of 
structural materials should also be evaluated in view of contents of oxygen [1-3]. The presence of oxygen and 
non-metallic inclusions in steel is a natural consequence of physical and chemical processes during 
production. The shape of non-metallic inclusions may vary. Spheroidal inclusions are characteristic of steel 
which contains high levels of oxygen. The addition of small amounts of aluminum leads to partial deoxydation 
of steel and the formation of inclusions along the boundaries of austenite grains. Excessive amounts of 
powerful deoxidants contribute to the formation of large faceted inclusions [4]. Alloys subjected to variable 
loads require high-grade steels. Their properties are determined during complex tests that are costly and time 
consuming. For this reason, analyses that support quick determination of the evaluated properties are often 
used in industrial practice [5-6]. Fatigue strength is one of the evaluated properties of steel. Various functions, 
nomograms and coefficients are given in the literature for estimating fatigue strength as a function of tensile 
strength [7] in equation (1). They include other sensitivity coefficients such as the coefficient of material's 
sensitivity to cycle asymmetry, load type, etc. 

{l � |j�  (1) 

Coefficient c is the quotient of fatigue strength zg divided by tensile strength Rm at static load. To estimate 
tensile strength based on the results of non-destructive tests, coefficient p was introduced in equation (2) to 
determine tensile strength as a function of hardness. 
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j� � }~� (2) 

Coefficients c and p were substituted with coefficient k, then: 

� � ��
0� (3) 

Equation (1) does not account for steel purity. For this reason, coefficient c can take on a broad range of 
values. For steel samples subjected to rotary bending, it ranges from 0.36 to 0.6 of tensile strength Rm [8].  

The influence of impurities on fatigue strength has been researched extensively, but very few studies analyse 
the effect of impurities on the coefficient given by equation (3) which is used to estimate fatigue strength based 
on hardness, i.e. in non-destructive tests. Coefficient k is the quotient of fatigue strength zg divided by Vickers 
hardness HV. In this study, attempts were made to analyse the contents of oxygen on fatigue resistance 
coefficient k determined under rotary bending fatigue strength zgo of high purity steels produced in an industrial 
plant in electric furnace for various tempering options. 

2. METHODS 

The steel was melted in a 140-ton basic arc furnace. The study was performed on 6 heats produced in an 
industrial plant. The metal was tapped into a ladle, it was desulfurized and 7-ton ingots were uphill teemed. 
After tapping into a ladle, steel was additionally refined with argon. Gas was introduced through a porous brick, 
and the procedure was completed in 8-10 minutes. Billets with a square section of 100x100 mm were rolled 
with the use of conventional methods. Billet samples were collected to determine: chemical composition - the 
content of alloy constituents was estimated with the use of LECO quantometer and conventional analytical 
methods, relative volume of non-metallic inclusions with the use of the extraction method.  

It in aim of qualification of fatigue proprieties from every melting was taken 51 sections. The possession 
sections of the cylinders shapes are of about diameter 10 mm. Their main axes are directed to direction of 
plastic processing simultaneously. It thermal processing was subjected was in aim of differentiation of building 
of structural sample. It depended on hardening from austenitizing by 30 minutes in temperature 880oC after 
which it had followed quenching in water, for what was applied drawing. Tempering depended on warming by 
120 minutes material in temperature 200, 300, 400, 500 or 600 °C and cooling down on air. Heat treatments 
were selected to produce heats with different microstructure of steel, from hard microstructure of tempered 
martensite, through sorbitol to the ductile microstructure obtained by spheroidization. 

Examination was realized on calling out to rotatory curving machine about frequency of pendulum cycles: 6000 
periods on minute. For basis was accepted was on fatigue defining endurance level 107 cycles. During the 
test, the applied load was gradually reduced in steps of 40 MPa (to support the determinations within the 
endurance limit). Load values were selected to produce 104-106 cycles characterizing endurance limits [1]. 

The general form of the mathematical model is presented by equation (4): 

k(temp. tempered) = a O + b    (4) 

where: 
k - fatigue resistance coefficient, 
O - arithmetic average contents of oxygen in steel, %, 
a, b - coefficients of the equation. 

The significance of correlation coefficients r was determined on the basis of the critical value of the Student’s 
t-distribution for a significance level α = 0.05 and the number of degrees of freedom f = n - 1. 

3. RESULTS 

The average chemical composition of the analysed steel is presented in Table 1. 
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Table 1 Average chemical composition of the analysed steel (wt%). 

C Mn Si P S Cr Ni Mo Cu B O 

0.23 1.20 0.27 0.021 0.011 0.46 0.46 0.22 0.14 0.003 0.05 

 
Figure 1 Arithmetic average volume of impurities subject to contents of oxygen 

The arithmetic average inclusions V to contents of oxygen O of steel is presented in Figure 1, regression 
equation and correlation coefficient r at (5): 

V = 30.094·O + 0.0281 and r = 0.9852 (5) 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
200 °C in dependence on arithmetic average oxygen are presented in Figure 2, regression equation and 
correlation coefficient r at equation (6): 

k200 = 108.85·O + 0.5423 and r = 0.9471 (6) 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
300 °C in dependence on arithmetic average oxygen are presented in Figure 3, regression equation and 
correlation coefficient r at equation (7): 

k300 = 51.748·O + 0.7336 and r = 0.8950 (7) 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
400 °C in dependence on arithmetic average oxygen are presented in Figure 4, regression equation and 
correlation coefficient r at equation (8): 

k400 = 92.063·O + 0.5651 and r = 0.8862 (8) 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
500 °C in dependence on arithmetic average oxygen are presented in Figure 5, regression equation and 
correlation coefficient r at equation (9); 

k500 = 72.028·O + 0.5829 and r = 0.9454 (9) 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
600 °C in dependence on arithmetic average oxygen are presented in Figure 6, regression equation and 
correlation coefficient r at equation (10): 

k600 = 73.776·O + 0.6815 and r = 0.9400 (10) 
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Figure 2 Fatigue resistance coefficient k of steel hardened and tempered at 200 °C subject to oxygen 

 
Figure 3 Fatigue resistance coefficient k of steel hardened and tempered at 300 °C subject to oxygen 

 
Figure 4 Fatigue resistance coefficient k of steel hardened and tempered at 400 °C subject to oxygen 

 
Figure 5 Fatigue resistance coefficient k of steel hardened and tempered at 500 °C subject to oxygen 
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Figure 6 Fatigue resistance coefficient k of steel hardened and tempered at 600 °C subject to oxygen 

Fatigue resistance coefficient k determined for bending fatigue strength of steel hardened and tempered at 
200, 300, 400, 500 and 600 °C in dependence on arithmetic average oxygen are presented in Figure 7, 
regression equation and correlation coefficient r at equation (11): 

k200-600 = 79.692·O + 0.6211    and    r = 0.8349 (11) 

 
Figure 7 Fatigue resistance coefficient k of steel hardened and tempered at 200, 300, 400, 500 and  

600 °C subject to oxygen 

4. CONCLUSIONS 

The results of the study indicate that: 

 relative volume of non-metallic inclusions in research steels, statistically significant correlations was 
verified by Student's t-test, is correlated with the oxygen; 

 results of the study indicate that fatigue resistance coefficient k, represented by fatigue strength during 
rotary bending, is correlated with the contents of oxygen. The presence of statistically significant 
correlations was verified by Student's t-test; 

 Arithmetic average volume of impurities V increased with the increased of oxygen contents (Figure 1), 
which is a natural process. At the same time, a high correlation coefficient (r > 0.98) confirms that the 
equation is statistically significant and that the tests were conducted correctly; 

 the Fatigue resistance coefficient k increased with the volume of oxygen increased (Figures 2-7). At the 
same time, a high correlation coefficient (r > 0.88) confirms that the equationa are statistically significant; 

 the above suggests that an increase in the number of inclusions in plastic structural steel increases the 
value of zg/HV; 

 the smallest effect of oxygen content on the coefficient k was found for steel after medium tempering 
(300oC); 
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 an analysis of regression coefficients and fatigue resistance coefficients k indicates that changes in 
coefficients k as a function of oxygen contents can be described with statistical satisfactory accuracy by 
a single equation (11) at all tempering temperatures (r > 0.8). 

The study of the influence of oxygen on fatigue resistance is very important both for similar fatigue tests [9] 
and for the machine industry (including railways [10-12]), power engineering [13] and construction [14]. The 
results may also be valuable for other material [15] and welding [16] tests, especially in the case of devices 
and machines operating in corrosively aggressive environments [17,18]. 
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Abstract 

The aim of the article is to analyse of the impact the double normalization process of 38MnVS6 micro-alloy 
steel on the achievement of the required microstructure and selected mechanical properties. The analysis was 
made based on values of elongation at break and the criterion of the minimum permissible breaking work. The 
products used in the automotive industry were analysed. It were the forgings from 38MnVS6 steel in ball-shape 
and weights 28N forged at a temperature of 1250 °C. It was shown that the double normalization process of 
38MnVS6 steel was improved its microstructure and allowed on achieving the needs mechanical properties. 
The results shown in the work can be useful for other enterprises to achieve the effective processing of 
products, e.g. from the automotive industry. 

Keywords: 38MnVS6, properties, mechanical engineering, normalization process, quality of product 

1. INTRODUCTION 

Improving the production process of the products includes for example reduction of heat treatment time [1-4], 
and the improvement of product properties. It is possible by using micro-alloy steel. These steels in compared 
e.g. to alloy steels [5] allow for reducing the production costs even to 30 % [6]. It results from not needs to 
subjecting these steels to hardening and tempering [6, 7]. The popular micro-alloy steel is 38MnVS6 steel 
(38MnSiVS5 or 38MnVS5) [7, 8]. This steel is mainly used in the automotive industry for production of products 
in the form of forgings. The examples are crankshafts and also engine pistons [9-12]. The literature review has 
shown a need to make an analysis of the 38MnVS6 steel [12, 13]. For example, in work [13], it was shown that 
by added 0.05 % Nb it is possible to achieve the maximum hardness of steel and tensile strength. This 
hardness was 200HV, while the tensile strength was equal to 720 MPa. It was shown, that normalization of 
the steel with the addition of the niobium allows for achieving the homogeneous microstructure and fine perlite 
colonies evenly distributed in the ferrite. Then, in the work [14] the impact of additives on 38MnVS6 steel was 
analysed. The impact of manganese sulphides on the fatigue life of 38MnVS6 steel was analysed. The Wohler 
curves were used for that. These curves were appropriate at high nominal stress amplitude levels compared 
to the forged material [14]. Additionally, it was shown the positive relationship between shape and manganese 
sulfide content, taking into account the forging process and the fatigue life of the material. In turn, the authors 
of work [15] were analysed the additional tellurium to 38MnVS6 steel. It was shown that the diameter of the 
inclusions increased with increasing tellurium content in the steel. The proportion factor of inclusions was small. 
Then, the authors of work [16] have shown the influence the heating 38MnVS6 steel on the weld structure 
during laser welding. Also, it was researching the mechanical properties of the welded joints in different 
preheating temperatures. The results were shown that e.g. preheating allows the greater laser absorption 
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capacity of the metal, what is generates an increase in the width of the weld. Despite in the work [17], 
deformation of hot-rolled micro-alloyed steel bars 38MnVS6 was shown by the MES model. It was concluded 
that the proposed model allows on optimize: groove geometry, roll transition schedule, and mill parameters 
and temperature. Wherein, the aim was to achieve a better quality and product performance. Then, in 
publications [18-20] it was presented the mathematical models of dynamic recrystallization (DRX) and steel 
grain growth 38MnVS6 hot compression tests. Also, the tests of isothermal annealing on the Gleeble-1500 
thermomechanical simulator were made. Among other things, it was found that the simulated mean values of 
the full-grain size DRX showed good agreement with the measured. Another example is work [21], in which 
the hot flow stresses of 38MnVS6 steel were analyzed. These stresses were described by Cingar and 
McQueen, JMAK or Hensel-Spittel equations. The graphical and statistical comparison was shown that e.g. 
the predicted curve of the flow according to the proposed model enables adjustment to the experimental data. 
Additionally, the authors of work [22] have presented the production of 38MnVS5 steel as part of improving its 
quality. Except that, the vat slag with alkalinity (CaO/Al2O3) and an indicator that enables the improvement of 
desulphurization and absorption capacity in steel was designed. 

Based on the literature review it was concluded, that previous analyses did not cover the issues of double 
normalization of the 38MnVS6 steel. It can result from the fact that is important to limit the number of heat 
treatments. Thanks to that it is possible to reduce the production costs. However, the enterprises still 
researching for different treatments, thanks for which the right combination of properties, i.e. strength, impact 
strength, as well as proper fragmentation of the microstructure, will be achieved. This type of problem was 
solved by performing double normalization of 38MnVS6 steel in one of the Podkarpacie enterprises. Therefore, 
the aim of the article is to analyse the impact of the double normalization process of 38MnVS6 micro-alloy 
steel on achieving the required microstructure and selected mechanical properties. The analysis was made 
based on research results obtained from Forgex Polska Sp. z o. o. enterprise localized at Podkarpacie in 
Poland. The article is a continuation of the article [23], in which the yield strength, tensile strength and Brinell 
hardness were analysed. 

The obtained results, documenting a significant improvement in the technological properties of steel and a 
strong reduction in costs, may be of interest to a wide group of industrial recipients, including in the field of 
quality [24,25] and risk management [26,27], corrosion protection [28,29] and the use of structural steel in 
construction [30] and railways [31-33]. The subject matter may also be interesting for the research area, where 
work on the corrosion protection of materials [34-36] and their coatings [37] is still in progress, as it determines 
the operation of laboratory equipment in aggressive biological environments [38]. The results should also be 
valuable as a source of data for the area of mechanics [39,40], including fracture toughness [41] and material 
sciences [42,43]. The obtained data set can also be a valuable source of inspiration in the development of 
analytical methods, both image analysis [44-47], parametric [48-50] and non-parametric [51] prediction 
models. 

2. SUBJECT OF STUDY AND MATERIAL 

The research was in aim to achieve the required microstructure and selected mechanical properties of 
38MnVS6 micro-alloy steel. The required was to achieve elongation at break ≥ 15 %, and the criterion of the 
minimum allowable breaking work equal to 27 J. The measures were made on ZWICK BZ200/SN6S-M testing 
machine and Charpy LabTest CHK300J impact hammer. The research was realized based on three forgings 
from 38MnVS6 steel has applied in the automotive industry. The characteristic of the subject of study and 
description of the double normalization process of 38MnVS6 micro-alloy steel were shown in the work: [23]. 

3. RESULTS 

The results of double normalization of 38MnVS6 micro-alloy steel are shown in Table 1.  
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Table 1 The results of double normalization of 38MnVS6 micro-alloy steel 

Step of normalization process  Sample number 
Elongation at break  

(A5, %) 

The criterion of the 
minimum allowable 

breaking work  
(KVmin, J) 

Material from the smelter 1 - 2 - 3 20.6 - 20.8 - 19.1 36.5 - 36.8 - 57.3 

A bite steel after forging 1 - 2 - 3 16.3 - 11.7 - 11.3 6.5 - 7.9 - 5.5 

Forging without heat treatment 1 - 2 - 3 14.5 - 9.7 - 14.7 8.1 - 9.2 - 12.3 

Forging after normalization 1 - 2 - 3 19.4 - 20.7 - 21.5 28.4 - 43.9 - 37.4 

Forging after normalization twice 1 - 2 - 3 22.26 - 21.83 - 22.71 36.1 - 36.4 - 34.1 

It was shown that the selected mechanical properties of 38MnVS6 micro-alloy steel for the process of bite after 
forging and for forging without heat treatment were definitely below the required values. While the required 
properties for forgings after double normalization were achieved. Wherein, after double normalization, the 
increase elongation at break from 19.4 % to 22.71 % was obtained. The values of this property for one 
normalization from 19.4 % to 21.5 % were determined, in turn for double normalization from 21.83 % to 22.71 % 
(i.e. minimum and maximum values of three forgings). Additionally, it was shown that the double normalization 
process allows achieving required values of the criterion of the minimum breaking work, i.e. from 28.4 J to 36.4 
J (i.e. the minimum value, after one normalization and maximum value after double normalization). In the case 
of the forgings subjected to double normalization, it was observed that this process allows an increase in the 
value of the breaking work from 5.5 J (value for the bite after the forging process) to 36.4 J. Therefore, it was 
considered that the process of double normalization was effective. It is important to mention that it was 
necessary to achieve not only the currently analysed properties but also the properties presented and analysed 
in the previous article [i. e.: 18], i.e. yield strength, tensile strength, and hardness, which were also met after 
applying double normalization. 

The example of the microstructure of 38MnVS6 micro-alloy steel before and after the double normalization is 
shown in Figure 1. The microstructure was examined with an OLYMPUS PMG 3 metallographic optical 
microscope. 

 

Figure 1 The comparison of microstructure the 38MnVS6 micro-alloy steel at 200 times magnification, nital 
digestion: a) after one normalization, b) after double normalization 

The double normalization process made it possible to achieve the required homogeneous, fine-grained 
pearlitic-ferritic microstructure of the 38MnVS6 micro-alloy steel. 

a) b) 
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4. CONCLUSION 

The improvement of mechanical properties of the products is possible in effect by the normalization processes. 
These processes are effective for micro-alloy steels, which are more popular in the automotive industry than 
alloy steels. One of the often use steel is 38MnVS6 micro-alloy steel. However, it has been shown that so far 
this steel has not undergone a double normalization process in order to achieve its required mechanical 
properties and microstructure. Therefore, the aim of the article was to analyse the impact of the double 
normalization process of 38MnVS6 micro-alloy steel on achieving the required microstructure and selected 
mechanical properties. The problem with achieving the required mechanical properties and microstructure this 
steel was solved in Forgex Polska Sp. z o. o. enterprise localized at Podkarpacie in Poland. The analysis has 
included the properties of elongation at break and the criterion of the minimum allowable breaking work. The 
products were the forgings from 38MnVS6 steel in ball-shape and weights 28 N forged at a temperature of 
1250 °C. The conducted analysis showed that the double normalization process allows to obtain the 
recommended elongation at break properties from 21.83 % to 22.71 % and the criterion of the minimum 
allowable breaking work from 34.1 J to 36.1 J. Additionally, it was concluded that this process provided a 
homogeneous, fine-grained structure. For this reason, the results presented in the article may be useful for 
other companies in achieving effective processing of products, e.g. from the automotive industry.   
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Abstract 

In the article, the technologies of deburring after pipe cutting are analyzed. The pipe cutting technologies 
and the external or internal burrs that are formed are described. The criteria of maximum productivity, 
minimum cost and maximum process stability were chosen for the comparison of the technologies 
of deburring of pipe ends. Since the essential advantage of both brushing and plastering technologies is 
the independence of the deburring process from the geometric accuracy of the pipe ends, a more detailed 
analysis of the two technologies and their mutual comparison was carried out. For the cost analysis of these 
technologies, pipes with a wall thickness of 0.6 mm and a production batch of 5,000 pieces were selected. 
Based on the analysis, it can be concluded that for the operation of deburring of split pipe surfaces, 
the plastering technology is preferable to the brushing method, within the range of possible technological 
applications. It is appropriate to use the brushing technology as a secondary technology for deburring the ends 
of pipes for which it is not possible or appropriate to use the plastering technology. 

Keywords: Burr, cutting, pipe, brushing, plastering 

1. INTRODUCTION 

In passenger cars, aircraft, buildings, air conditioning, etc., there are systems of ducts that consist of pipes. 
Pipes are used for transporting liquids, gases or other media. There are usually requirements for their 
resistance to corrosion and ageing, and possibly resistance to high operating temperatures or pressures. 
The starting material for the production of pipes is strip steel, usually produced by continuous casting [1], rolled 
cold in the form of coils. One option for producing corrosion-resistant components is the use of hot-dip 
galvanised blanks [2]. They are mainly used in the automotive industry. The mechanical properties of sheet 
metal can be increased in some applications, e.g. by the unconventional forming method DRECE (Dual Rolls 
Equal Channel Extrusion) [3]. The strip steel is progressively curved in the line. For forming, the material must 
have sufficient formability [4,5]. The method of deformation networks can be used to analyze the deformation 
during forming [6]. The bent strip steel is subsequently welded. The welding technology affects the deformation 
properties of the steel [7] as well as the corrosion resistance. After subsequent calibration, the pipe is cut [8] 
and, if necessary, bent to the desired shape. For the stability of the production process, machine maintenance 
must be managed, preferably using productive maintenance [9]. Achieving maximum production productivity 
while eliminating any wastage can be achieved, for example, by using the Value Stream Mapping method [10]. 

2. PIPE CUTTING AND BURR FORMATION 

The following technologies can be used for pipe cutting: 

a) cutting with an internal disc knife and an external knife (A single-purpose machine is used. The inner 
disc knife is clamped in a spindle with defined speed, rotates around its axis and continuously increases 
the radius it describes. The advantage of the method is minimal waste and high productivity), 

b) shearing (using a circular knife and an internal mandrel on the lathe), 
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c) punching on the lathe (the advantage is the high cutting accuracy), 
d) band sawing (the cutting gap is usually one to two thirds smaller than with circular or frame saws, 

the cutting surface has a high surface quality). 

The burrs resulting from pipe cutting can be divided into: 

a) burrs produced on the outer edge of the pipe, by the action of the tool from the centre of the pipe axis 
towards the outer surface of the pipe (cutting with an internal circular knife and an external knife), 

b) burrs produced on the inner edge of the pipe by the action of the tool from the outer surface of the pipe 
towards the axis of the pipe (cutting or punching on the lathe), 

c) burrs on the inner and outer edges of the pipe caused by cutting with a band saw. 

3. TECHNOLOGIES FOR DEBURRING AFTER PIPE CUTTING 

3.1. Use of the modified countersink 

A countersink designed for countersinking holes can be machined by creating a hole in its axis along its entire 
length. Through this hole, compressed air flows towards the mandrel, through which it flows backwards 
on the outside to remove the metal chips that have formed. The modified 
countersink (Figure 1) is clamped in a machine holder which creates 
a rotary movement of the countersink around its axis. It is used after 
cutting the pipes on the lathe by shearing (using a circular knife and an 
internal mandrel) to remove burrs on the inside of the pipes. 

3.2. Deburring with a technical milling cutter 

This is the use of a powered technical milling cutter (Figure 2) designed for manual machining. to use this 
technology correctly, it is necessary to install a backing plate that is perpendicular to the axis of the rotating 
tool. in this plate, there is a hole of adequate size 
for the technical milling cutter to be repositioned to the plane 
of the support plate. by resting the end of the pipe against 
the backing plate, the perpendicularity of the face 
of the hole to the tool is ensured. This method can be used 
for pipes with larger end diameters that are to be free 
of internal burrs. 

3.3. Deburring using a pipe deburring machine 

The rotary motion of the tool is used to remove the external burr from 
the pipe. The technology is characterized by its high productivity 
and reliability. After tool change, a deburring machine (e.g. Transfluid 
RE 642 a - see Figure 3) can also be used to remove internal burrs. When 
deburring larger pipe diameters (greater than 40 mm), the use 
of experienced operators is advisable due to the increased skill 
requirements. 

3.4. Deburring by brushing 

Brushing is suitable for removing burrs on the outer edge of the pipe end. At the same time, on the area 
4 to 5 mm from the edge of the pipe, the dirt is removed evenly, increasing the uniformity of the surface 
and reducing possible unevenness that would have a negative effect in subsequent operations when creating 
individual assemblies. The tool is mounted on the shaft of the grinding machine and its speed can be 
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controlled. The operator performing this operation should be sufficiently trained and involved to avoid any 
discrepancies. 

3.5. Removal of burrs by plastering 

The technology of plastering mechanically modifies the surface of the material by mutual abrasion of objects, 
plastering bodies, abrasive and liquid in a rotating bell or drum. Rendering is a technology particularly well 
suited for smaller objects with rounded curves and geometries. The main advantages of plastering include 
avoiding physically strenuous and unhygienic manual grinding and polishing, optimizing production costs, 
increasing production rates, reducing scrap and hardening the plastered surface in parallel with increasing 
corrosion resistance. The main disadvantage of plastering is the uneven removal from the product surfaces, 
with the greatest removal occurring at the edges, resulting in the likelihood of damage to rugged products. 

4. CRITERIA SUITABLE FOR COMPARING DEBURRING TECHNOLOGIES AFTER CUTTING 

The following criteria can be used to compare deburring technologies after cutting: 

a) maximum productivity (enables timely delivery to customers), 

b) minimum costs (minimization of resources spent by the company during the production process, 
minimization of material consumption and thus achieving minimization of waste), 

c) maximum process stability (avoiding undue scrap or deterioration in the quality of manufactured parts 
that would adversely affect productivity and production costs). 

5. COMPARISON OF BRUSHING AND PLASTERING TECHNOLOGIES 

A significant advantage of both brushing and plastering technologies is the independence of the deburring 
process from the geometric accuracy of the pipe ends. For this reason, a more detailed analysis of the two 
technologies and their mutual comparison is made below. The comparison has been made on pipes cut 
by an inner disc knife, which performs a spiral motion and presses the pipe from the inside to the outer knife, 
i.e. The burr is formed on the outside of the pipe. 

5.1. Brushing technology 

For the analysis of the brushing technology, a pipe with an outer diameter of 15 mm, a wall thickness 
of 0.6 mm and a length of the connecting line between the hole centres of 140.5 mm (Figure 4) made 
of material 1.4541 was used. The work cycle consists of brushing the burrs at both ends of the pipe, thus 
involving the processing of one component. The grinding roll used to remove the outer burrs at the ends 
of the pipes is shown in Figure 5.  

  

Figure 4 Pipe deburred by brushing Figure 5 Grinding roller used 
for removing external burrs on pipe ends 
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The analysis used a standard time consumption value for this technology of 0.25 minutes per piece. The work 
cycle is smooth, with no unnecessary downtime, with 10 minutes required for workstation preparation 
and adjustment of production tools. This preparation takes place only once, at the beginning of a production 
run of 5,000 pieces. The overhead cost of the brushing technology is 300 CZK per hour (i.e. 5 CZK per 
minute). This overhead includes staff costs and consumption of working materials. 

Cost of brushing technology for the entire production batch: 

Nk = �tpk + tjk · pc� � Rvk = �10 + 0.25 · 5,000� · 5 = 6,300 CZK  (1) 

where: 
tpk - preparation time for brushing method (min.), 10 minutes inserted, 

tjk - time for deburring one pipe by brushing (min.), 0.25 min. inserted, 

pc - total number of parts in the production batch (-), 5,000 pcs inserted, 

Rvk - overheads of production using brushing technology (CZK·min.-1), 5 CZK·min.-1 inserted. 

Amount of pipes processed by brushing per 60 minutes of production time (excluding preparation times): 

phk = 60

tjk
 = 60

0.25
 = 240 pcs  (2) 

5.2. Plastering technology 

A vibratory plastering machine CF 300 from Walther Trowal was selected to assess the plastering technology 
(Figure 6). The vibrating vessel works on the principle of vibration by vibrators. This reduces the processing 
time by up to 50-70 % compared to tumbling. There is also less chance of damage-prone products. 
The vibrating machine is equipped with two working speeds. For separation of the parts to be plastered, 
the vibratory machine is equipped with a pneumatic separating flap with a separation zone. The specifications 
of the CF vibratory machine from Walter Trowal are shown in Table 1. Ceramic abrasive bodies (Figure 7) are 
used for plastering, which removes the burr on the cut end of the pipe in a suitable stepwise manner. These 
rollers are 12 mm in diameter and 30 mm long. 

 

 Table 1 Technical parameters of vibrating plastering machine  
              CF 300 from Walther Trowal 

    Gross volume of the working vessel 300 l 
 Usable volume of the working vessel 190 l 
 Largest product dimension measured diagonally 220 mm 
 Total size of the separation area 271,000 mm2 
 Total weight 1,020 kg 
 Power input at 1,500 rpm 2.6 kW 
   
 

 

Figure 6 Vibrating machine CF 300 
from Walther Trowal 

 
Figure 7 Ceramic grinding wheel 

A pipe with an outer diameter of 25.1 mm, a wall thickness of 0.6 mm, and a joint length between hole centres 
of 143 mm (Figure 8) made of 1.4541 was used for the analysis of the plastering technology. The deburring 
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of these pipes is carried out in cycles of 30 minutes, with the first 20 minutes 
being the actual deburring time and the following 10 minutes being spent 
by the vibratory deburring machine operator removing the deburred pipes 
and then loading the deburred pipes into the vibratory vessel to repeat 
the production cycle. in one production cycle, 250 pieces of pipes are 
plastered. The set-up time of the vibratory plastering machine is 5 minutes 
and is only done once, at the beginning of a production run of 5,000 pieces. 
The overhead cost of the plastering technology is 340 CZK per hour (i.e. 
5.67 CZK per minute). This overhead includes the cost of employees 
and the consumption of working materials. 

Time for deburring a single pipe by plastering (including preparation times): 

tjo= to
po

= 30

250
= 0.12 min. (3) 

where: 

to - time of one cycle of plastering (min.), 30 minutes inserted, 

po - number of plastered parts (-), 250 pcs inserted. 

Cost of coating technology for the entire production batch: 

No = �tpo + tjo · pc� · Rvo = �5 + 0.12 · 5,000� · 5.67 = 3,430.35 CZK  (4) 

where: 
tpo - preparation time for the plastering (min.), 5 minutes inserted, 

tjo - time for deburring one pipe by plastering (min.), 0.12 minutes inserted, 

pc - total number of parts in the production batch (-), 5,000 pcs inserted, 

Rvo - overheads of production using plastering (CZK·min.-1), 5.67 CZK·min.-1 inserted. 

Quantity of pipes processed by plastering per 60 minutes of production time (excluding preparation times): 

pho = 60

tjo
� 60

0.12
 = 500 pcs  (5) 

The values calculated from equations (1) to (5) are summarized in Table 2. 

Table 2 Comparison of brushing and plastering technologies by productivity and cost 

Deburring technology 
used 

Production 
in 60 min. (-) 

Deburring time for 1 pipe 
(min.) 

Overheads for a production 
batch of 5000 pcs (CZK) 

Brushing 240 0.25 6,300.0 

Plastering 500 0.12 3,430.4 

6. EVALUATION OF DEBURRING BY BRUSHING OR PLASTERING 

In terms of both productivity and cost, plastering technology is more than twice as advantageous (see Table 2) 
as brushing technology. Plastering technology is characterized by very low numbers of poorly deburred pipe 
ends, resulting in high process stability 

The disadvantage of plastering is that it is not suitable for plaster pipes with very small wall thicknesses 
because of possible edge deformation at the ends of the pipe. Minimum wall thicknesses vary according 
to the material used and the design of the product. For material 1.4541 and the type of pipe used in Chapter 5 
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(see Figure 4 and Figure 8), the minimum wall thickness is 0.4 mm. at the same time, the maximum diagonal 
dimension of the part that can be plastered (220 mm in the case of the CF 300 vibratory plastering machine) 
must be observed. a complication can be the customer's requirement to achieve a uniform appearance, which 
is difficult to maintain in bent areas of pipes. 

In brushing technology, the work of the machine operator has a great influence on the likelihood 
of the occurrence of insufficiently removed burrs on split pipe ends, due to the higher demands on skill 
and responsibility compared to plastering technology. 

After both technologies have been used to remove burrs at the ends of the pipes, the pipes are cleaned 
(removing grease, dirt and foreign bodies) by washing them in a dishwasher. In the case of liming, more 
frequent changes of the cleaning bath must be taken into account than in the case of the cleaning of deburred 
pipes by brushing. This is due to the higher incidence of working material (ceramic body residues) trapped in 
the deburred tubes by plastering. 

7. CONCLUSION 

Based on the analysis, it can be concluded that to achieve maximum productivity, minimum costs 
and maximum process stability, it is preferable to use the plastering technology rather than the brushing 
method for the deburring operation on the split pipe surfaces, within the range of possible technological 
applications. It is not advisable to plaster pipes of very small wall thicknesses because of possible edge 
deformation at the ends of the pipe. The maximum diagonal dimension of the part that can be plastered should 
also be taken into account. Customers' requirements sometimes include achieving a uniform appearance, 
which cannot be achieved with more complicated shapes by plastering technology. Brushing technology 
should therefore be used as a secondary technology to remove burrs at the ends of pipes where plastering 
technology is not possible or appropriate. 
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Abstract 

Improving safety in mechanical engineering is still a topical issue. This article focuses on the introduction of a 

new thermochromic coating system, its development, and testing. The thermochromic coating systems are 

special paints that have the ability to change color and prevent burns. These systems can be used in 

environments exposed to temperature as an element of active safety. 

Research in the field of interactive coatings for safety purposes is carried out at the CTU in Prague as part of 

a national research project. In this project, a completely new coating system with thermochromic properties 

was designed. During the design phase, it was necessary to select a suitable primer inert to the thermochromic 

pigment. Due to the high sensitivity of the pigment, it was necessary to choose a suitable method of mixing. 

Several tests were performed to verify the application and functional properties of the thermochromic paints. 

The pigment Apex TH50 from the company Capricorn Specialty Chemicals was chosen for the development 

of the interactive coating system. This pigment changes the hue of the color in the temperature range of  

47 - 52 °C. This temperature range was chosen due to the mechanism of burn. The tolerable contact 

temperature is around 44 °C. The maximum temperature at which changes on human skin are reversible is up 

to about 55 °C, but only with short-term contact. Therefore, if a worker notices a changing hue of the color in 

an exposed area, he will be visually alerted to unsafe contact or subsequent burn injury. 

Keywords: Thermochromic, pigment, interactive, heat-sensitive, color, surface treatment, safety 

1. INTRODUCTION  

Interactive paints are currently being developed in response to specific surface functionalization requirements. 

We can talk about special properties of paints that increase service life (self-healing coating material), prevent 

property damage (antigraffiti coating material), or serve as an indicator of temperature change (thermochromic 

coating material). 

Thermochromism is according to J.H. Day [1] defined as "noticeable reversible color change brought about by 

the boiling point of each liquid, boiling point of a solvent in the case of a solution, or the melting point for solid". 

However, it is necessary to distinguish how the color change is implemented. In technical practice, so-called 

thermochromic liquid crystals and leuco-based pigments are currently used. Thermochromic liquid crystals as 

a mass at the liquid-crystal interface respond to a large number of stimuli (magnetic field, pressure, humidity, 

and chemicals), do not have a long life and are therefore not suitable for application in paints. [2,3] 

When using thermochromism in paints, thermochromic pigments are most often used on a leuco basis, where 

the pigment has a certain shade at room temperature and discolors at increased temperature. There are 

irreversible pigments (temperature transition occurs only once), partially reversible (the number of temperature 

transitions is limited), and reversible pigments. [3,4] 
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Reversible pigments are currently produced as leuco-based molecular charge transfer complexes. These are 

organic substances in the state of microcapsules. These substances consist of a component that supplies 

colors - color developers, a component that determines the transition temperature and shadow intensity, and 

a component that stabilizes the properties in the temperature range. [2,4], These components are mixed in the 

proportions given by the manufacturer and "sealed" in microcapsules. The core structure is thus separated 

from the capsule shell. [2,3,4] 

During research at the Faculty of Mechanical Engineering CTU in Prague, we focused on the use of 

thermochromism to actively protect the health of workers in the industry. In this research, a completely new 

reversible thermochromic coating was designed and tested, which serves as an indicator of overheating, when 

the temperature changes, it quickly informs the operator of the possible risk of injury. Because the color change 

is visually unambiguous, there can be, for example, a wrong reading, as can be the case, for example, when 

reading values from a temperature sensor. [10,11,12] 

Protecting workers' health from the risk of burns is still a topical issue in the industry. In the Czech Republic, 

in the industrial sector, an average of 795 occupational accidents are reported annually in the category of 

"burns, scalds, frostbite". [5] 

2. DESIGN OF THERMOCHROMIC PAINT 

The idea of creating a new paint with thermochromic properties was specified by participating in the 

Competence Center project. After examining the market, a pigment from Capricorn Special Chemicals was 

chosen. The thermochromic pigment is organic, in the form of microcapsules (Figure 1). Its size is up to 7μm. 

The transition temperature can be selected according to the product line (TH30, TH40, TH50, TH60). The 

maximum allowable temperature to which the pigment can be exposed is 200 °C for 10 minutes. [6] In the 

experiment, it was necessary to create several formulations to verify the functionality of both the pigment and 

the overall coating system. 

  

Figure 1 The appearance of APEX TH50 pigment. The shape of the pigment is spherical with a size 

of up to 7μm. Scanned with an Olympus Lext OLS 3000 confocal microscope 

The first test formulation was created in cooperation with VITON s.r.o. The aim was to verify the thermochromic 

properties of the pigment - according to the technical sheet, it should discolor after heating to the temperature. 

After cooling to ambient temperature, it should have taken to the original shade. 

The formulation was created experimentally. A one-component acrylic polyol was chosen as the base coating 

material. The Apex TH30 pigment was dispersed in a standard manner, using a saw - tooth stirrer. The 
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application was carried out on a glass sample, with a film applicator, so that the color change was more clearly 

visible (Figure 2). 

  

Figure 2 The first test, paint on the left at room temperature, right after heating 

Furthermore, a larger amount of thermochromic paint with the same base as APEX TH30 (yellow, dark blue) 

and APEX TH60 (black) was formed. These coating systems were applied to samples of S235JR material to 

verify the behavior on a metal substrate and to determine the mechanical properties (Figure 3). [11] 

   

TH30 TH30 TH60 

Figure 3 Samples of the IP01 coating system applied on a metal substrate 

From the conclusions from the first test formulation and the focus on increasing safety, the pigment APEX 

TH50 with a temperature transition of 47-52 °C, red, was selected for further research. This temperature range 

is at the limit where early warning can protect the worker from burns (at temperatures above 44 °C, skin 

damage occurs, but this is reversible up to approximately 55 °C. Above 60 °C, permanent burns already occur). 

[7] 

The results from the first formulation were the motivation for testing the interaction of the pigment with different 

primers to form a highly functional coating. The interaction of the thermochromic pigment with the already 

pigmented base was also investigated and the effect of the dispersion on the properties of the resulting paint 

was investigated. Therefore, the following experimental scheme was proposed. 

 Verification of the properties of the already formed formulation - acrylic polyol with yellow pigment and 
thermochromic pigment. Marked as IP02. 

 New paint formulation with self-priming acrylic base, water-soluble, with yellow pigment and 

thermochromic pigment. Marked as IP03. 

 New paint formulation with polyurethane base, with yellow pigment and thermochromic pigment. Marked 
as IP04. 

The resulting coating formulation thus has an orange color at normal temperatures (around 20 °C), at increased 

temperatures the red thermochromic pigment discolors, and the coating remains yellow. The coloring with the 

base pigment was also designed because the thermochromic pigment itself does not sufficiently cover. 
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Three types of test specimens were used for the experiment - Q panel (material S235JRG1), a sheet made of 

structural steel S235, and glass specimens. The Q panels were degreased with technical gasoline before 

application, the sheets were pre-treated with the technology of blasting with artificial corundum crumbs to 

grade Sa 3. The glass samples were degreased with technical gasoline before application. 

Samples of the first series were applied with a film applicator, samples of the second series were created using 

an airless spraying (Figure 4, Figure 5). [12] 

 

 

Figure 4 Results of the 1st series before 

testing. Top left: IP02; IP03 and IP04. On the 

left, the sample is always heated to the color 

transition temperature 

Figure 5 Results of the 2nd series before testing. From 

left IP04 and IP03. On the left, the sample is always 

heated to the color transition temperature. 

As part of the development of paints, two types of stirrers were used - a saw - tooth stirrer and a rotor-stator 

stirrer. The saw - tooth stirrer disperses by creating high shear stress and is also suitable for very small 

particles. [8,9], The rotor-stator stirrer works on the following principle: the rotor generates a high peripheral 

speed and thus shear force. The construction of the stirrer is made in such a way that the bearing between the 

rotor and the stator creates a shear gap in which high turbulence occurs. The fluid is sucked axially into the 

dispersing device and expelled through the gap between the rotor and the stator. The flowing liquid is exposed 

to high pressure, shear and friction, thanks to which the particles are evenly distributed. [9] 

3. RESULTS AND DISCUSSION 

The coating material IP01 was tested using a pull-off test for adhesion (EN ISO 4624) and a cross-cut test (EN 

ISO 2409). Coating systems IP02, IP03, IP04 were tested to verify their properties and applicability using the 

following tests: Cross-cut test (EN ISO 2409), Pull-off test for adhesion (EN ISO 4624), Shade change test by 

CIE Lab (EN ISO 11664-4), Bend test (conical mandrel) (EN ISO 6860), Cupping test (EN ISO 1520), Paints 

and varnishes - Methods of exposure to laboratory light sources - Part 3: Fluorescent UV lamps (EN ISO 

16474-3), Corrosion resistance test (EN ISO 9227), Cyclic thermal loading tests. 

3.1. Mechanical properties 

The measured values of the pull-off test and the evaluation of the fracture type showed that the pull-off of the 

body was in most cases in the paint or on the border of the substrate and the paint. At IP01 we can observe 

slightly higher values of adhesion tension. From the average values, it is clear that the coating system IP02 is 

unsatisfactory in terms of adhesion. This may be due to the interaction of the yellow and thermochromic 

pigments with the primer. The IP03 coating system has better results in the 2nd series (dispersed by the rotor-

stator method) (Table 1). The results of the IP04 system in the 2nd series are affected by the insufficient layer 

thickness, therefore it is desirable to observe a minimum dry film thickness of 150 µm. 
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Table 1 Test results 

 Marking 
P - pre-treated 

NP - no pre-treated 

Median of 
Adhesion 

tension (MPa) 

Cross- cut test 
classification 

Bend test Cupping test 

0. Series 

IP01 (Yellow) P 7.15 1 - - 

IP01 (Yellow) NP 7.1 1 

IP01 (Blue) P 3.48 1 - - 

IP01 (Blue) NP 3.65 2 

IP01 (Black) P 5.6 2 - - 

IP01 (Black) NP 3.35 2 

1. Series 

IP02 P 0.83 4 Serious 
damage 

Cracks/ flaking 

IP02 NP 0.17 4 

IP03 P 3.26 1 No damage No damage 

IP03 NP 3.49 1 

IP04 P 10.06 1 Long 
cracks/ 

local flaking 

Cracks/ flaking 

IP04 NP 8.19 1 

2. Series 
IP03 P 7.13 1 No damage No damage 

IP04 P 2.58 1 

The results of the cross-cut test correlate with the measured values of the pull-off test. Significant damage 

occurs in the IP02 system, so the classification corresponds to level 4. The IP03 and IP04 coating systems in 

both series show little damage in this section, the classification corresponding to level 1 (Table 1). [12,13,14] 

3.2. Cyclic thermal loading 

This testing was performed in a ThermoScientific Haratherm OMH 400 drying oven, the samples were loaded 
at 65 °C for 5 minutes and then cooled by a stream of air from the nozzle for 10 minutes. Thus, 100 cycles 

were performed and colorfastness was observed. This was measured with a BYK Gardner spectrophotometer. 

It was recorded by the decrease of the orange hue in the overall system. [13,14] 

  

Figure 6 Content of orange hue in paint 1. series Figure 7 Content of orange hue in paint 2. series 
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1st series 

From the graph from 1st series, it is obvious that the coating system IP02 shows rapid degradation of hue. 

Already in the 18th cycle there is almost no reversible color change. Around the 30th cycle, complete 

degradation of the thermosensitive pigment was observed. Degradation can also be observed with the IP03 

coating system, up to the 80th cycle it has a relatively small deviation from the standard. The best results were 

obtained with the coating material IP04, where the loss of orange pigment was minimal. However, due to the 

polyurethane base, the transition temperature increased slightly to values around 60 °C (Figure 6).  

2nd series 

In this series, where the pigment was dispersed by the rotor-stator method, this method proves to be more 

advantageous because it damages the thermochromic pigment less. Both coating systems (IP03 and IP04) 

show only a slight decrease in the shade of orange. The change in sample hue in the IP03 system began to 

manifest itself around 50 cycles, but the loss was minimal. The decrease was even slower for IP04. We can 

therefore say that the pigment is stable until about the 90th cycle (Figure 7). 

3.3. UV resistance 

UV resistance tests were performed by measuring the hue deviation. The samples were placed in a QUV 

chamber for one month, and the readings were taken in the first week and then on the last day of the month. 

This accelerated test simulated two years of direct exposure to sunlight. In the IP02 system, after the first 

week, there was a significant deviation from the standard, after a month, the thermosensitive pigment 

completely degraded, and also the degradation of the basic yellow pigment began to show. In the IP03 system, 

the shade changed after the first week, but the degradation did not continue significantly in the longer period 

of time. In the IP04 system, the shade also changed after the first week, and in the longer term, the degradation 

slowly progressed. 

For control, the test was performed in natural conditions in the first series for five months, in the second series 

for three months. Noticeable changes in hue were observed after the first week. Degradation comparable to 

the previous measurement manifested itself after approximately two months of exposure. Thus, it has been 

verified that the thermochromic pigment is very sensitive to UV radiation and is suitable for use where it will 

not be exposed to high radiation exposure. Another possibility is to provide a thermochromic coating with a top 

UV coating. However, this may change the behaviour of the paint, eg the transition temperature. [12,13,14] 

3.4. Corrosion resistance 

1st series 

For the IP02 system, cracking and opacity of the coating occurred after 24 hours, after 168 hours the coating 

system showed cracking evaluable with a degree of density 5. The surface layer showed a considerable 

degree of degradation and is therefore unsuitable for highly corrosive environments. In the IP03 system, slight 

blistering was observed after 24 hours, after 168 hours the condition remained almost unchanged. We 

therefore evaluate this system as suitable. No changes were observed for the IP04 system. This coating 

system is highly resistant to corrosion. 

2nd series 

In the IP03 system, significant under corrosion and cracking of the coating was observed after 24 hours, after 

168 hours the coating was rusted, evaluable by the degree of Ri 5. This degradation was probably caused by 

insufficient coating thickness. The IP04 system showed no visible signs of degradation even after 168 hours. 

We therefore state high corrosion resistance. [12,13,14] 
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4. CONCLUSION 

In this work, new thermochromic paint was introduced. A multistage formulation was implemented, various 

coating systems were created and subsequently tested. The IP02 coating system used the same primer as 

IP01, except that IP02 was further pigmented with the base yellow pigment. This formulation was chosen 

primarily to verify the properties. IP02 showed insufficient mechanical properties. In contrast, the IP03 and 

IP04 systems showed satisfactory mechanical properties. Two different dispersion methods have been tested, 

with the rotor-stator method appearing to be more suitable. Experiments have shown satisfactory technological 

properties for both systems. However, it is necessary to maintain a sufficient coating thickness. In terms of 

colour change (number of color transitions), the IP03 and IP04 systems are satisfactory - the number of 

realized color transitions with a minimum content of orange shade greater than 50 % is 80 cycles for IP03 and 

90 cycles for IP04. Paint formulations IP03 and IP04 have been registered as functional sample. 
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Abstract  

The paper focuses on the evaluation of the ability of selected heat sprayed coatings to protect the surface of 

the component in an environment simulating the environment of a geothermal turbine. The subject of testing 

were coatings based on hardmetals, applied by HVOF technology (WC-CoCr, Cr3C2-NiCr) and Fe and Ni 

based alloys, applied by HVOF (NiCr, FeCrAlY) and TWAS (FeCrAlNiC, FeCr, NiCr) technologies. It has been 

shown that although HVOF coatings provide higher protective properties in terms of both corrosion and 

resistance to mechanical influences, it is also possible to apply the protective coating with TWAS technology 

if mobile spraying is required. From the materials tested, the Fe-based Metco 8294 can be recommended as 

a most promising, providing high wear resistance and sufficient corrosion resistance in aggressive 

environment.  

Keywords: Thermal spray, coating, corrosion, erosion, power, geothermal 

1. INTRODUCTION 

Thermal spraying technologies represent a fast-growing part of surface treatment and advanced materials. 

Thermally sprayed coatings are generally applied mainly to increase the service life of coated components, to 

achieve specific functional properties or to renovate damaged surfaces. One of the many areas that can use 

the potential of thermal spraying technology is the field of energy, e.g., to increase the life and efficiency of 

steam, combustion and geothermal power plants turbines. Materials intended for the production of geothermal 

turbine components are highly stressed, especially in terms of corrosive substances. Steam in geothermal 

turbines contains high amounts of chlorides, sulfates, carbon oxides and others. Although most of their amount 

is removed by separators before entering the turbine, the remaining amount in steam significantly exceeds the 

amount present in the steam of fossil fuel turbines. In addition to the corrosion protection, the applied coatings 

are also expected to extend the service life of the components by increasing their wear resistance. For those 

purposes, the HVOF (High Velocity Oxygen Fuel) or HVAF (High Velocity Air Fuel) sprayed hardmetals [1] are 

usually considered to bet the best choice. On the other hand, there exist growing number of wear and corrosion 

resistant materials in the form of a wire, enabling application using mobile and less expensive TWAS (Twin 

Wire Arc Spraying) technology. The aim of this paper is to compare the potential of selected TWAS coatings 

to be applied in the environment of geothermal turbine, and compare their performance to the HVOF sprayed 

materials. Both wear resistance and ability of the coatings protect the surface from corrosion was the subject 

of evaluation.   
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2. EXPERIMENTAL 

2.1. Specimens preparation 

The testing samples were sprayed applying different deposition technologies: TWAS SmartArc Oerlicon Metco 

spraying system and HP/HVOF Praxiar TAFA JP5000 spraying system. The coatings nominal composition, 

together with the deposition technology used, are summarized in the Table 1. The deposition parameters were 

previously optimized for each coating material to obtain expected microstructures, without cracks or excessive 

porosity. The material of substrate was common carbon steel (ČSN 11523), the substrate surface was cleaned 

and grit blasted prior to the spraying (Al2O3; F22) to reach desired surface roughness, enabling sufficient 

adhesion of deposited coatings.  

Table 1 Deposited coatings materials   

Coating no. Trade mark 
Nominal composition 

(wt%) 
Average coating thickness 

(µm) 

TWAS 1 Metco 8450 Cr 20 %, Ni bal 545 ± 9 

TWAS 2 Metco 8294 
Cr 18.09 %, Ni 17.9 %, C 4.62 %, Al 

2.06 %, V 2 %, Si 0.25 %, Fe bal 
537 ± 40 

TWAS 3 W504.1 Cr 13 %, Fe bal 439 ± 10 

HVOF 1 Amdry 9700 Cr 24 %, Al 8 %, 0.5 % Y, Fe bal 369 ± 30 

HVOF 2 Amdry 4535 Cr 20 %. Ni bal 348 ± 8 

HVOF 3 WOKA 3652 Co 10 %, Cr 4 %, WC bal 429 ± 9 

HVOF 4 Amperit 588.074 C 10 %, Ni 15 %, Cr bal 470 ± 11 

The size of the samples was design in accordance of each test requirements. For microstructure, hardness 

and wear testing, the coating was deposited on the upper surface of the samples. For evaluation of coatings 

ability to protect the substrate from the environment of geothermal turbine, the disk samples (ø 25 mm, 5 mm 

thickness) were designed and sprayed to cover all its surface. Subsequently, one surface was gently ground 

to remove the coatings surface roughness, while the other was used for laser marking to avoid confusion of 

samples after the test (Figure 1). 

     

Figure 1 Examples of coated sample, ready for geothermal environment corrosion testing: 

a) TWAS 1 - NiCr; b) HVOF 4 - Cr2C3-NiCr 

2.2. Testing procedures 

The coatings microstructure was evaluated in the coatings` cross sections, grinded and polished by standard 

metallographic procedure. The optical microscopy (OM) was used to measure the coating thickness and to 

evaluate their microstructure. The Vickers microhardness HV0.3 was measured in the coatings` cross sections. 

At least 7 indents were made and the average value is reported. The abrasive wear resistance was measured 

using the Dry sand/Rubber Wheel test in accordance to ASTM G-65. For each coating, three tests were 

realized, the average value is reported. After the wear tests, the wear mechanism was analysed by SEM. The 
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solid particle erosion was tested using centrifugal erosion test. The impact angle of erosive media (Al2O3; F70) 

varied between 15°-90°. After the test, the wear mechanism was analysed by SEM.  

The ability to protect substrate surface from the aggressive environment of geothermal turbine was tested in 

the autoclave, designed and operated in MATERIÁLOVÝ A METALURGICKÝ VÝZKUM s.r.o. (The MATERIAL 

AND METALLURGICAL RESEARCH Co., Ltd., hereinafter referred to as MMV). The used autoclave is shown 

in the Figure 2. The required conditions of test are summarized in Table 2. After testing, the samples were cut 

and evaluated by OM and SEM, to reveal the potential corrosion of coatings and underlying substrate. 

 

Figure 2 The testing autoclave: a) overall view; b) samples prior test; c) samples after test  

Table 2 Composition of used water solution and testing conditions  

Cl-  SO4  CO2 H2S pH Temperature  Preassure Time of exposition 

10000 ppm 50 ppm 3000 ppm 300 ppm 3.5-4 250 ~C 12 bar 105 days 

3. RESULTS AND DISSCUSION 

The microstructure of sprayed coatings contains the features typical for used deposition technique. As it can 

be seen from the cross sections, the porosity, as well as the quality of bonding differs significantly between 

TWAS and HVOF sprayed coatings. The higher porosity, as well as the bonding between individual splats, 

and between the coating and substrate, are the main factors influencing the ability of the coating to protect the 

substrate from the surrounding environment.  

Table 3 Measured coatings superficial hardness and cross section microhardness  

Coating  TWAS 1  TWAS 2 TWAS 3 HVOF 1 HVOF 2  HVOF 3 HVOF 4 

HR 15N 62.8 ± 1 64.0 ± 4.6 77.7 ± 0.9 74.1 ± 2.1 74.0 ± 1.3 88.1 ± 0.9 96.4 ± 0.4 

HV 0.3 232 ± 34 496 ± 47 469 ± 53 393 ± 29 301 ± 20 1 134 ± 95  978 ± 72 

The surface hardness value reflects both - the influence of coating material, as well as the amount of coating 

porosity, while cross section microhardness represents mainly the properties of coating the materials. That is 

why the trend of HR 15N and HV 0.3 values is not similar (Table 3). The most significant difference is between 

HVOF 3 (WC-14%CoCr) and HVOF 4 (Cr3C2-25%NiCr) coatings. The HVOF 3 coating contains higher amount 

of porosity compare to HVOF 4 (see Figure 3), leading to lower HR15N value. On the other hand, the higher 

amount of soft NiCr matrix is responsible for lower HV0.3 value of HVOF 4. The influence of used spraying 

technology can be seen from the difference between the hardness values of TWAS 1 and HVOF 2 coating, 

consisting both from Ni20%Cr material.   
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Figure 3 The coatings cross sections: a) TWAS 1; b) TWAS 2; c) TWAS 3; d) HVOF 1; e) HVOF 2; f) 

HVOF 3; g) HVOF 4  

As expected, the abrasion wear resistance (Figure 4a) is in general agreement with the coating 

microhardness. The only exception is in the case of TWAS 3 (Fe13%Cr), where higher wear abrasive wear 

resistance was expected based on the microhardness values. However, the high microhradness was probably 

achieved by higher number of inner oxides, originated on the surface of molten particle during spraying. The 

oxides can be also responsible for high coatings volume loss during solid particle erosion test (Figure 4b). 

Generally speaking, the HVOF hardmetal coatings shown superior performance compared to TWAS coatings.  

 

Figure 4 Coatings wear resistance: a) Dry Sand/Rubber Wheel test results; b) Centrifugal Solid Particle 

Erosion test result 

The example of long-term exposition test results in environment, simulating the environment of geothermal 

power plant turbine, can be seen in the (Figure 5). The surface off all samples was covered by thin layer of 

oxides. No massive oxidation or coatings spallation due to the corrosion of coating or underlaying substrate 

was recorded. However, the examination of coatings cross section reveled the signs of corrosion not only on 
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the coatings surface, but also on the intersplat boundaries and on the surface of underling substrate, namely 

in case of TWAS coatings (Figure 6). The most developed damage was observed for TWAS 3 - Fe13%Cr 

coating, where not only substrate, but also coating material itself suffers from corrosion. 

 

Figure 5 Examples of coated sample, after 3 months of exposition in autoclave: a) TWAS 1 - NiCr; 

b) HVOF 4 - Cr2C3-NiCr 

 

Figure 6 Cross-sectional backscattered SEM micrograph of the corroded coated samples: a, b) TWAS3 - 

Fe13%Cr; c, d) HVOF4 - Cr2C3-NiCr 

Figure 6 illustrates the SEM backscattered electron micrograph of the cross-sectional surface of the tested 

coatings 3 months of exposition in the autoclave. In all cases, corrosion of the substrate was observed in small 

amounts. At the interface between the coating and the substrate, the corrosion mechanism was similar to 

crevice corrosion. Pitting corrosion has been observed in some places on the surface of the substrate. In many 

cases, corrosion pits were observed near Al2O3 particles trapped in the substrate. Al2O3 particles break the 

passivation layer and deform the grains near the substrate surface during blasting. The corrosion attack then 

proceeds along the grain boundaries of the substrate by the mechanism of intergranular corrosion. In the case 

of TWAS3, corrosion attack was also observed in the microstructure of the coating (Figure 6 b). Corrosion 

products grew in the space between the individual splats and on the surface of the pores. In the case of 

TWAS3, corrosion was initiated preferentially at the splat boundaries, probably due to a microscopic corrosion 

mechanism. This form of corrosion has been reported in previous works, or the literature by different authors 

[2,3]. On the contrary, as expected, the slightest corrosion attack was observed in the case of HVOF4 (Cr2C3-

NiCr). This behavior is related to the low porosity of the coatings. High porosity has a deleterious effect on 

corrosion resistance. On a sample of HVOF4, no corrosion was observed in the microstructure of the coating 
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or at the interface between the coating and the substrate. Only in some places did corrosion occur between 

the grain boundaries near the surface of the substrate [4]. The morphological evidence provided by SEM 

analysis supports the fact that there are mainly two corrosion processes at the interface between the substrate 

and the coating. Namely, crevice corrosion and pitting corrosion. The corrosion then continues to attack the 

substrate by an intergranular corrosion mechanism. The amount of corrosion attack is determined primarily by 

the porosity of the coating and thus the amount of corrosion medium that is able to transport to the surface of 

the substrate. 

4. CONCLUSION 

The TWAS sprayed coating had generally lower wear and corrosion resistance. From the materials tested, the 

most promising results was reached by Fe-based alloy with high chromium and nickel content (TWAS 2). From 

the group of HVOF coating materials, the wear resistance results match the expectations - the hardmetals are 

more wear resistant than alloys. The corrosion resistance in the environment simulating the geothermal turbine 

of was fond to be dependent mostly on the porosity of the coating - the less porous hardmetal coatings protect 

the substrate the best, however some hints of corrosion attack was identified in all tested samples. The coating 

materials themselves, with the exception of Fe-13% Cr (TWAS 3), were resistant to the environment. From the 

point of view of the development of corrosion attack, the areas around the built-in Al2O3 particles, built into the 

substrate after blasting, proved to be a critical point.  
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Abstract 

The article compares the methods of analysis of the surface chromium layer on two chromium-plated samples 

under the same technological conditions. However, both samples were visually different. The base material 

was analysed using GDOES analysis. The carbon and sulphur contents were refined by elemental analysis. 

The surface layers were evaluated by optical microscopy, glow discharge optical emission spectrometry 

(GDOES) and EDX microanalysis on a scanning electron microscope. The microhardness of the chromium 

layer was also measured. There was about a 10 % difference in the thickness of the chromium layer and a 

5 % difference in its hardness. A more significant proportion of transverse cracks occurred in the layer of one 

sample. It can lead to more wear and corrosion of the product. 

Keywords: Chromium layer, GDOES, scanning electron microscopy, optical microscopy, EDX microanalysis 

1. INTRODUCTION 

The main task of surface engineering is to provide corrosion protection and treat the external appearance of 

the product [1,2]. One of the most frequently used anti-corrosion treatments is chrome plating. Chromium is 

the hardest of all elemental metals; the Brinell hardness is 1120 MPa. Chromium is chemically very resistant 

[3]. It is very easy to passivate under oxidizing conditions, so it behaves like a noble metal, and the chromium 

coatings retain their gloss. The isothermal oxidation of pure chromium depends on the average grain size [4]. 

Chromium plating results in increased surface hardness so that the components are protected against 

abrasion. Chromium plating is divided into two groups: decorative chromium plating (mostly for steel in the 

three-layer Cu-Ni-Cr coating; coating thickness is usually 0.25-1 μm) and hard chromium plating (according to 

ČSN (Czech national Standard) EN ISO 6158 [5]), which is the subject of the presented article. During hard 

chromium plating, chromium coatings are deposited directly on steel components without intermediate layers. 

Coating thicknesses range from 25 μm to 500 μm. The appearance, gloss, and structure of chromium coatings 

depend on working conditions, namely temperature and current density, less on the composition of the bath. 

In hard chromium plating, the deposited layers have a high hardness and are applied to the functional surfaces 

of wear-resistant components (shafts, cams, pressing moulds, functional profile gauge edges etc.). They are 

also used in the renovation of components in the repair industry. 

Chromium plating is an electrochemical (or galvanic) plating. The process of galvanic chromium plating is 

different from other methods of electrolytic deposition of metals because the precipitated Cr is not supplied by 

dissolving the chromium anode but in the form of an anion in the electrolyte formed by chromic acid [5]. 

The technological process in galvanic plating consists of the following operations: chemical degreasing, 

rinsing, electrochemical degreasing, rinsing, pickling, rinsing, decapping, plating, rinsing, drying [6]. 
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2. EXPERIMENTAL MATERIAL 

The subject of the experimental part of the article was the comparison of two chromium-plated samples under 

the same technological conditions. The first sample (sample A) had a metallic grey chrome layer, the second 

sample (sample B) had a rust-coloured surface (see Figure 1).  

 

Figure 1 Samples of chrome-plated sheets 

The base material of both samples was analysed by GDOES and elemental analysis (see Table 1), and it was 

confirmed that it was identical base material. It was unalloyed low-carbon steel. 

Table 1 Chemical composition of the base material of both samples (wt.%) 

sample 
C Mn Si P S Cr Ni Mo 

wt. % 

A 0.184 1.21 0.254 0.009 0.003 0.111 0.029 0.008 

B 0.183 1.22 0.253 0.010 0.003 0.111 0.030 0.008 
                  

sample 
Cu Ti Co B Pb V W Al 

wt. % 

A 0.026 <0.001 <0.001 0.0002 <0.001 0.019 <0.001 0.032 

B 0.026 <0.001 <0.001 0.0004 <0.001 0.020 <0.001 0.031 

3. EXPERIMENTAL METHODS 

All these devices are operated at the Faculty of Materials Science and Technology, VŠB - Technical University 

of Ostrava. 

3.1. Glow discharge optical emission spectroscopy (GDOES) 

An optical emission spectrometer with a glow discharge Spectruma Analytik GMBH (model GDA 750) was 

used in this work. The average chemical composition of the base material of the samples was determined by 

BULK GDOES analysis under excitation conditions of 700 V and 35 mA. The profile analysis was performed 

under excitation conditions of 1000 V and 15 mA. GDOES Profile GDOES is used for evaluation of the quality 
and thickness of hot-dip galvanized coating [7], cobalt alloy films [8], organic substances [9]. It is not possible 

to use traditional GDOES for non-conductive surfaces, but it is necessary to use radio-frequency glow 

discharge optical emission spectroscopy (RF-GDOES) [10,11]. 

3.2. Elemental analysis 

The carbon and sulfur contents of the base material were also determined using elemental analysis in the 

induction furnace of the ELTA CS 2000 elemental analyser. Elemental analysis is one of the most sensitive 

and accurate methods to determine the total carbon and sulfur content in organic and inorganic matrices. This 
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method also determines the carbon and sulfur contents of steels, cast irons, non-ferrous alloys, slags, as well 

as nanomaterials and organic materials [12].  

3.3. Optical microscopy 

Samples were cut on Struers devices and were mounted into hot mounting resin with carbon filler (Struers). 

The samples were then grounded using SiC papers and polished using a diamond suspension. Documentation 

of the layer thickness was performed in cross section using an inverted metallographic microscope (Olympus 

GX51). With its chemical composition, the structure is a primary characteristic of metallic materials [13,14].  

3.4. Determination of microhardness 

Vickers microhardness (HV) was measured using a microhardness tester (LECO AMH 2000) with a load of 

0.1 kg (0.981 N) on a transverse metallographic section according to ČSN EN ISO 4516 (Metallic and other 

inorganic coatings - Vickers and Knoop microhardness tests). 

3.5. EDX microanalysis 

The chemical composition of the chromium layer was determined by semi-quantitative X-ray microanalysis on 

a JEOL 6490LV scanning electron microscope (SEM) in the backscattered electron (BSE) mode using EDX 

microanalysis. EDX microanalysis is used for the semi-quantitative determination of the elemental composition 

of metals [15]. 

4. RESULTS AND DISCUSSION 

The chromium layer thicknesses of both samples were determined on transverse metallographic sections 

using an optical microscope and QuickPHOTO software (see Figure 2 and Table 2). The results show that 

sample B has a slightly larger thickness of the Cr layer (by about 8 μm). The required minimum thickness of 

the chromium layer was 25 μm. Thus, this requirement has been met. Chromium layers are characterized by 

the presence of a fine network of microcracks. However, if the cracks are coarse, an aggressive environment 

can penetrate up to the base material and subsequently corrode it. 

 

Figure 2 Optical microscopy - measurement of the Cr layer thickness 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

609 

Another important parameter of the surface layer is its hardness. Figure 3 documents the Vickers inductor 

impressions, and Table 2 shows the hardness values at a load of 0.1 kg. Sample B has a slightly lower 

hardness than sample A, but due to the fact that the technological requirement for this type of surface is a 

hardness of at least 900 HV, both samples meet the requirements. 

Sample 

A 

 

Sample 

B 

 

Figure 3 Optical microscopy - measurement of hardness HV0.1 

Another task of this work was to verify whether it is possible to use profile GDOES analysis to determine the 

quality of chromium layers. Due to the high porosity of the chromium layer of sample B, due to the high-

frequency porosity of the glow discharge excitation, it was not possible to convert the analysis time to the crater 

depth using the GDOES spectrometer software. For the samples, it was possible to determine the chemical 

composition of the layers. Samples of the GDOES spectra of both samples are shown in (Figure 4). Figure 4 

demonstrates that the GDOES spectra of samples A and B do not differ much, which supports the results of 

optical microscopy. The content of C and Mn also corresponds to the result of the BULK GDOES analysis (the 

value resulting from the spectrum must be divided by 10 because the scale for these elements had to be 

changed due to their resolution). 

Sample A Sample B 

  

Figure 4 GDOES - profile analysis 

Using SEM, it was possible to determine both the thickness of the chromium layer and its chemical composition 

using EDX microanalysis (Figure 5). For sample B, it can be seen that the layer was applied more than twice. 

Both sublayers contained 100 wt. % chromium. Under the chromium layer, corrosion of the base material is 

evident in sample B. The average chemical compositions of both the chromium layer and the base material 
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below the layer are shown in Table 2. EDX microanalysis confirmed the GDOES result. An increased Cr 

content was found under the chromium layer, which is in accordance with GDOES profile analysis.  

 

Figure 5 SEM - BSE 

Table 2 Thickness, hardness, and chemical composition of the chromium layer and the base material below  

              the layer (chemical composition determined by EDX microanalysis) 

Sample 

Thickness 
(μm) 

Hardness 
HV 0.1 

Cr 
(wt. %) 

Si 
(wt. %) 

Cr 
(wt. %) 

Mn 
(wt. %) 

Fe 
(wt. %) 

chrome layer base material under the layer 

A 61.9  1.2 1038  14 100 0.35 1.1 1.25 97.3 

B 69.8  3.6   975  11 100 0.30 1.0 1.20 97.5 

5. CONCLUSION 

This work aimed to find out which method is most appropriate to evaluate the thickness and chemical 

composition of the chromium layer. The results of measurements on two samples, A and B, which were 

prepared by the same technological procedure but whose surface differed, were compared. 

The surface layer of samples A and B was evaluated by optical microscopy, glow discharge optical emission 

spectrometry and EDX microanalysis on a scanning electron microscope. The microhardness of the chromium 

layer was also compared. It was found that the second sample had a chromium layer about 10 % thicker, and 

its hardness was about 5 % lower. Coarse transverse cracks occurred in the second sample layer, which may 

cause higher susceptibility to corrosion in the base material. This could also affect the appearance of the 

surface layer. On the transverse metallographic section, two sublayers were found in sample B, but according 

to EDX microanalysis, they had the same chemical composition corresponding to 100 wt. % Cr. The 

discolouration of the surface is likely to be affected only by a very thin oxide layer, which would be removed 

by fine grinding and polishing. 

A complete idea of the thickness, structure and chemical composition of the chromium surface layer can only 

be obtained by SEM and EDX microanalysis. However, unlike GDOES, metallographic sample preparation is 

required. 
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Abstract 

The paper presents results of the research focused on testing of wear resistance of a selected case-hardening 

steel after application of a selected plasma nitriding technology. The steel equivalent 16MnCr5 (i. e. CSN 41 

4220) is frequently utilized in manufacturing of large diameter components, in automotive and small arms 

industry. The chemical composition of tested steel was verified by optical emission spectrometry on the 

instrument Tasman Q4 Bruker. The microstructure, tribology tracks and tracks obtained by Scratch Test were 

observed by Opto-digital microscope Olympus DSX500i. The depth of nitrided layers was measured by utilizing 

of microhardness profiles obtained by the automated microhardness tester LM247 AT LECO equipped by 

hardness testing system AMH55. The tribometer Bruker UMT-3 TriboLab was utilized for measurement of 

kinetic friction coefficient by the method Ball-on-Flat. The same instrument was also utilized for Scratch Test. 

The wear resistance was assessed according to the cross-sectional profiles of wear tracks obtained by 

profilometer Talysurf CLI1000. The paper provides the results proving benefits connected with the utilization 

of the plasma nitrided layers on the selected case-hardening steel. 

Keywords: Plasma nitriding, case-hardening steel, wear resistance, friction coefficient, microhardness 

1. INTRODUCTION 

Wear resistance is one of the key material properties of the functional surfaces of components which are 

exposed to abrasion, a typical mechanical process that leads to degradation of contact surfaces. For a reason 

to enhance the wear resistance surface technologies in many branches of industry especially in automotive 

and weapon industry are utilized. In case of barrels of small arms and large-caliber artillery barrels or engine 

and transmission components such as shafts, crankshafts, gear wheals etc. it is crucial to obtain hard and 

wear resistive microstructure near the surface while the microstructure of the core must remain tough enough 

to resist bending, torque or impacts [1-5]. For the reason a heat treatment such as surface hardening and a 

chemical-heat treatment such as carburizing, which meet mentioned criteria, are used the most commonly. 

Both processes utilize martensitic transformation of steel´s microstructure in a region near the surface. The 

martensitic transformation is non-diffusional structural transformation induced by quenching from high 

temperatures typical for austenitic phase. Martensitic microstructure is very hard and brittle after quenching 

and hence it should be tempered subsequently. A result of the mentioned treatments is a creation of a surface 

layer with a hardness decreasing inwardly to the core of treated components. Whereas, in case of surface-

hardening mainly structural changes as martensitic transformation are taking place, in case of carburizing a 

diffusion of carbon from liquid, gaseous or solid (powder) atmosphere rich in carbon precede the quenching. 

By the carburizing a content of carbon in the region of the surface microstructure is increased. Due to this fact, 

case-hardening steels predetermined for the carburizing are carbon or low-alloyed steels with a low content of 

carbon which does not exceed 0.3 wt. % [6]. After quenching the component´s core with low content of carbon 

in its microstructure is composed of low-carbon martensite, beinite, pearlite and ferrite. While such the 
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microstructure provides the required toughness of the core, the surface saturated by carbon with its content 

about 0.8 - 1 wt. % allows to obtain much harder martensite in comparison with solely surface-hardened state 

[7]. 

Unfortunately, the utilization of carburizing is subjected to some risks. By the rapid cooling within quenching, 

a diffusion of particles is limited, which results in a residual stress in the microstructure and it can be also 

remained after subsequent tempering. This phenomenon can be manifested by a distortion leading to a 

geometrical and dimensional changes of components, brittleness and ruptures in their microstructure [1]. In 

sphere of military technology a high quality of components, including very precise manufacturing, is demanded 

[8]. This is the reason of effort to substitute this technology by some alternatives. One such alternative 

technology is plasma nitriding or very close ferritic nitrocarburizing. 

As well as carburizing, plasma nitriding also belongs to chemical-heat treatment technologies. The plasma 

nitriding is based on a saturation of the component´s surface by an atomic nitrogen from a gaseous atmosphere 

in abnormal glow discharge. By the process a nitrided surface layer with a chemical composition different from 

an original one is created. In the layer the content of nitrogen in the microstructure decreases in direction 

inwardly to the core material where the chemical composition is equal to the original one. While in case of 

surface-hardening and carburizing a creation of martensitic microstructure is responsible for increase of 

hardness, nitriding utilizes ability of some chemical elements such as Cr, Mo, Al, V act. to create very hard and 

stable nitrides and carbides. Nitriding temperature can be much lower than in case of carburizing, typically in 

range of 480 - 540 °C. Nitriding technology is also promising for future utilization in sphere of additive 

technology or for a treatment of medical instruments [7,9,10]. 

Plasma arises by ionization of a low pressure gas present between nitriding recipient (anode) and treated 

components (cathode). Contrary to nitriding in a standard gaseous atmosphere, where an only source of 

nitrogen is ammonia (NH3) with strictly determined stoichiometry 1:3, utilizing of plasma allows us to use gases 

N2 and H2 for a creation of the nitriding atmosphere [11]. This results in a variability of atmospheres´ 

composition and wide possibility of theirs control. This is an important advantage. It is well-known that chemical 

composition of steels has a crucial effect on a resulting nitride layer and many of articles are devoted to this 

issue e.g. [12-14]. By a purposeful control of the atmosphere´s composition and other parameters such as 

pressure, temperature or voltage, current and plasma density, it is possible to appropriately set nitriding 

conditions according to a selection of the material and also influence a composition of the resulting nitride layer 

as well as its properties [15]. 

Nitride layer is mostly composed of two (sub)-layers. On the top of the surface a compound (sub)-layer, also 

called white layer, is created. Compound layer can be dual-phase composed of iron nitrides γ´ - (Fe4N) and ε 

- (Fe2-3N) or mono-phase created solely by ε - (Fe2-3N) in accordance to the parameters of the nitriding process. 

A distinct interface between compound layer and other microstructure is clearly visible, hence compound layer 

has a character of a coating rather than a layer. The second (sub)-layer is a diffusion layer composed of the 

original microstructure and nitrides of iron and alloying elements. This layer transit to the original 

microstructure. 

Although, a minor volume increase of nitrided components was documented, due to absence of quenching, 

other geometrical deteriorations are suppressed [8]. Therefore, the paper is devoted to plasma nitriding and 

its possibility to enhance wear-resistance of case-hardening steels. This paper partially builds on the results 

of the previous research described in paper [16]. 

2. MATERIALS AND METHODS 

The selected case-hardening steel and an influence of plasma nitriding on the steel were observed by optical 

microscopy and examined by the optical emission spectrometry, microhardness measurement, friction 

coefficient measurement and Scratch Test. 
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2.1. Materials 

The steel equivalent 16MnCr5 (i. e. CSN 41 4220) frequently utilized in manufacturing of large diameter 

components, in arms and in automotive industry esp. in manufacturing of shafts, crankshafts, gear wheels etc. 

was selected for the application of plasma nitriding and for evaluation of its influence on the wear-resistance 

of the steel. 

2.2. Chemical composition 

The chemical composition of the steel and its compliance with its datasheet was verified by employing optical 

emission spectrometer Tasman Q4 Bruker. The chemical composition was determined as an average from 

five measurements by utilizing Fe110 method. The results are presented in (Table 1). 

Table 1 Chemical composition of the steel verified by Tasman Q4 Bruker (wt. %) 

C Mn Si Cr Ni Al P S 

 OES/Bulk 

0.177 1.121 0.254 1.032 0.057 0.022 0.010 0.005 
 Datasheet 

0.14 - 0.19 1.00 - 1.30 ≤ 40  0.80 - 1.10 -  0.015 - 0.05 < 0.035  < 0.035  

It is evident that the chemical composition of the steel comply with the datasheet. Moreover, a relatively high 

amount of chromium (1.032 wt. %) promise an increase of the hardness by application of the nitriding due to 

an ability of chromium to create hard, stable nitrides. 

2.3. Specimen preparation 

The selected steel was obtained in a normalized state in a form of a steel rod. Two disc-shape specimens 

were cut-off from the rod and heat treated subsequently in accordance with conditions listed in (Table 2). 

The heat treatment was followed by grinding finished by F-1000. Solely one specimen was plasma nitrided at 

530 °C for 15 hours in PN60/60 RÜBIG appliance subsequently. The second specimen was retained in the 

heat-treated state. Subsequently, a segment of each specimen was cut-off for a reason to prepare 

metallographic cross-sectional specimens. The segments were molded to thermoplastic cylinders, grinded and 

polished by velvet with diamond paste with 0.5 µm sized grains subsequently. 

2.4. Microstructure 

Inverted Opto-digital microscope Olympus DSX500i was utilized for observation of the microstructure of the 

steel in original heat-treated state as well as for determination of the white layer thickness. The observed 

microstructure already published in [16] was in accordance with the parameters of the heat-treatment. After 

15 hours of plasma nitriding in the nitriding appliance the white layer with thickness oscillating around 4 µm 

covered the specimen´s surface. A significant porosity was not visible in the compound layer, hence the 

compound layer can also provide an enhancement of the surface´s corrosion resistance [17,18]. 

Table 2 Parameters of heat treatment 

HARDENING TEMPERING 

TEMPERATURE [°C] 
TIME 

[min] 
MEDIUM TEMPERATURE [°C] TIME 

[min] 
MEDIUM 

870 20 water 600 60 water 
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2.5. Microhardness measurement 

By utilizing a method listed in standard ISO 18203:2016(E) it is possible to determine so called nitriding 

hardness depth (NHD) from microhardness profiles [19]. Microhardness measurement was performed on the 

automated microhardness tester LM247 AT LECO. According to the results also already published in the paper 

[16] the NHD = 357 µm was determined. The maximum values of the hardness measured in a vicinity of the 

surface oscillated around 720 HV. In the literature, an increase of the microhardness in the surface layer is 

associated with an increase of the wear-resistance [20]. Thus, it is possible to assume the wear-resistance 

enhancement by application of the plasma nitriding.  

2.6. Friction coefficient measurement 

Kinetic friction coefficient was measured on the tribometer Bruker UMT-3 TriboLab by utilizing the Ball-on-Flat 

method which is described in the standard ASTM G133-05 [21]. The specimen is horizontally mounted to the 

linearly reciprocally movable support. A measurement parameters such as a load, frequency and also a 

duration must be preset. At first the ball indenter is vertically pressed to the specimen surface by an increasing 

force till the force reaches the predetermined value. After that, the support starts to move and the indenter 

slides the surface. Values of the indenter´s load, friction force, acoustic emission and kinetic friction coefficient 

in dependence on time within the whole measurement duration are recorded. The parameters of 

measurements were set as follows: load = 10 N, duration = 1000 s, frequency = 5 Hz, stroke length = 10 mm, 

temperature = 23 °C, diameter of tungsten carbide ball indenter = 6.35 mm, medium - dry. 

Kinetic friction coefficient is given by the formula 1 [21]. 

�� � �
�                (1) 

where: 

µk - kinetic friction coefficient, 

F - friction force (N), 

P - normal force loading the indenter (N). 

Results of the friction coefficient measurement are plotted as a curve into a graph in dependence on time. It is 

possible to distinguish four phases of tribology wear in the wear track within the measurement and that is also 

visible in the graph. Phases of initiation of wear and mutual adaptation of surface´s roughness are called 

“running-in phase” [22]. Uneven values of the friction coefficient are typical for this phase. Due to an oxidation 

and due to a movement and entrapment of wear particles in the wear track, a protective tribology film is created 

hence the values of the friction coefficient become stable subsequently. This phase is called “Steady-state-

wear” [22]. Although the last phase describing a total destruction of the surface also exists, measurements 

performed for a requirements of the paper were finished within the steady-state-wear phase. 

According to experience from previous research, it is possible to assume, that the kinetic friction coefficient of 

nitrided surface in such measurement condition will be deteriorated (i.e. increased values) in comparison with 

the heat treated surface [23]. 

2.7. Wear-resistance assessment 

For the assessment of the wear resistance of tested surfaces a cross-sectional profiles of the tribology wear 

tracks and scratches obtained by the Scratch Test method described in a following text were utilized. The 

cross-sectional profiles were measured by profilometer Talysurf CLI1000 with a contact sensor. Values of 

parameters of the cross-sectional profiles such as a profile area, a track width and a maximum depth were 

determined by the Talyprofile Platinum software. 
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As it was already mentioned, the Scratch Test method was also utilized for the assessment of the wear 

resistance. The experimental method is similar to the Ball-on-Flat, hence the similar instrument (tribometer 

Bruker UMT-3) it is possible to use. Only three main differences between the performances of mentioned 

experimental methods exist. For the Scratch Test much slower support is utilized, solely one linear scratch is 

performed within one measurement and the ball indenter is substituted by the Rockwell´s diamond HRC 

indenter. Generally, the Scratch Test is frequently utilized either for an assessment of Scratch hardness or 

mechanical failure modes of coatings such as adhesive or cohesive failures [24]. Due to the fact, that white 

layer behaves like coating, an observation of mechanical failure modes was utilized for the assessment of the 

wear-resistance. Two modes of Scratch Test can be performed. The first utilizes linearly increasing load of 

indenter within scratching, while in the second case, a constant load within scratching is maintained. 

In the experimental measurements both modes of Scratch Test were used. At first, a scratch made with linearly 

increasing load was performed on the plasma nitrided surface. By microscopy a distance between the first 

cohesive ruptures and the initial point of the scratch was determined. Because of proportionality which exists 

between the distance and the linearly increasing indenter´s load, the load typical for cohesive failure from the 

measurement can be deduced. The load can be considered as a critical load of the nitrided surface while using 

the Rockwell HRC indenter. The load was used for further measurements at constant indenter´s load 

subsequently performed on surfaces of the plasma nitrided as well as on the heat-treated specimens. The 

parameters of measurements were set as follows: linearly increasing load of the indenter = 0 N to 50 N, 

constant load of the indenter = 28 N, duration = 60 s, scratch length = 10 mm, temperature = 23 °C, indenter 

- Rockwell´s diamond HRC indenter, medium - dry. 

3. RESULTS AND DISCUSSIONS 

Experimental methods mentioned in the previous chapter were applied on the heat-treated and the plasma 

nitrided specimens for a reason to compare influence of the plasma nitriding on wear-resistance of the selected 

case-hardening steel. Such obtained results are presented below. 

3.1. Friction coefficient measurement 

Values of friction coefficient of the heat treated and the plasma nitrided surfaces, plotted together into a graph 

are visible in (Figure 1). 

The expectation stated in the method´s 

description related to the deterioration of 

friction coefficient by application of the 

plasma nitriding was confirmed. While 

running-in phase of heat-treated surface took 

about 50 seconds and transits straight to 

steady-state-wear phase, where friction 

coefficient values were moving between 0.4 

and 0.5, in case of the plasma nitrided 

surface an increase of values is visible during 

350 seconds and then stabilizes around 

value 0.65. 

The increase of friction coefficient values can 

be attributed to a movement of wear particles between contact surfaces, where in case of nitrided surfaces the 

mentioned particles also includes hard nitrides, which make an indenter´s sliding more difficult. 

 

Figure 1 Friction coefficient measurement 
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3.2. Wear-resistance assessment 

As it was stated already, the assessment of wear-

resistance of heat treated as well as nitrided surface 

was based on cross-sectional profiles measurement 

performed by the profilometer Talysurf CLI1000. 

Average values of the measured parameters are listed 

in Table 3. 

If solely the results listed in the table had been used for 

the wear-resistance assessment, a serious 

misinterpretation would have been done because the 

results seem to be very similar. For a better perception 

of differences between both wear tracks the results are supplemented by the (Figure 2) showing the profiles 

geometry.  

 
(a) 

 

(b) 

Figure 2 Examples of cross-sectional profiles of tribological wear tracks; a) heat treated; b) plasma 

nitrided 

Despite the high similarity of the values listed in the (Table 3) a significant differences in profiles geometry 

exist and need to be included to the assessment. While the profile geometry of the wear track created on the 

heat treated surface could be described as very rough including sharp peaks and notches which could cause 

an initiation of ruptures within a service of components, the profile geometry of the wear track created on the 

nitrided surface fluently follows the geometry of the parabola. Thus, the plasma nitrided surface seems to be 

much suitable from a point of view of the wear-resistance. 

More distinct differences were found in case of cross-sectional 

profiles of scratches obtained by the Scratch Test. A scratch 

obtained on the plasma nitrided surface with linearly increasing 

load of indenter in range from 0 N to 50 N and the detail of the 

first cohesion ruptures at the distance 5.68 mm (28.4 N) are 

shown in (Figure 3). 
 

 

According to the scratch observation the load 28 N was established as critical one. The load was utilized for 

subsequent measurements with constant load of the indenter performed on the surfaces of both specimens. 

Table 4 includes average values of cross-sectional profiles parameters of the scratches. 

Table 3 Average values of cross-sectional profiles´ 

             parameters of tribology wear tracks 

 Maximum 
depth  
[µm] 

Profile 
area 
[µm2] 

Track 
width 
[µm] 

Heat treated 3.88 193.33 188.33 

Plasma 

nitrided 
1.42 181.00 206.50 

 

 

Figure 3 Scratch Test wear track with detail of the first cohesive ruptures at 5.68 mm (28.4 N); 

magnification: 200x and 1000x respectively. 
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Contrary to the previous case, a positive 

influence of the plasma nitriding on the wear-

resistance is obvious even from the table. 

The positive influence of the plasma nitriding 

is also confirmed by the profiles geometry. 

Examples of cross-sectional profiles of 

scratches obtained at the constant load of 

the indenter are shown in (Figure 4). 

(a) 

 

(b) 

Figure 3 cross-sectional profiles of Scratch Test wear tracks; a) heat treated; b) plasma nitrided 

4. CONCLUSION 

The aim of the paper was to ascertain a possibility of wear-resistance enhancement of the surface of case-

hardening steel 16MnCr5 by application of selected plasma nitriding technology. The plasma nitriding was 

chosen as an alternative surface technology for carburizing for a reason to reduce possibility of geometric 

distortion occurring during quenching as a subsequent process of carburizing. By the research the following 

results were found. 

The nitrided layer obtained after 15 hours in the nitriding appliance was composed of 4 µm thick compound 

layer and the diffusion layer of nitriding hardness depth equal to 357 µm. The maximum values of 

microhardness about 720 HV near the surface was measured. 

By the friction coefficient measurement, a prolongation of the running-in phase as well as significant increase 

of the friction coefficient values after application of the plasma nitriding was found. The phenomenon could be 

attributed to a movement of hard nitrides along a contact area in the wear track causing the surface more 

resistive to a movement of indenter. 

The wear-resistance was assessed by utilizing parameters of the cross-sectional profiles of the wear tracks 

obtained by Ball-on-Flat as well as Scratch Test methods. While in case of the tribology wear-tracks obtained 

by the Ball-on-Flat the values of parameters of both tested surfaces were similar, in case of Scratch Test a 

significant enhancement after plasma nitriding was found. By comparison of all cross-sectional profiles 

geometry, the positive benefit of the plasma nitriding in all cases was confirmed. 

In the paper the results proving the surface wear-resistance enhancement by application of plasma nitriding 

on the steel 16MnCr5 are presented. Thus, in those cases, where very deep surface case is not demanded, a 

substitution of carburizing by the plasma nitriding should be promoted for a reason to avoid possible geometric 

distortion and cracks occurrence in consequence of quenching after carburizing, while the surface hardness 

and the wear resistance is remained. Moreover, in many applications where components are subjected to a 

corrosive environment especially in military applications, a surface corrosion resistance by a presence of 

nitrided layers could be enhanced. 

Table 4 Parameters of cross-sectional profiles of the Scratch 

             Test wear tracks 
 

Maximum 

depth [µm] 

Profile area 

[µm2] 

Track width 

[µm] 

Heat treated 6.10 491.00 110.67 

Plasma nitrided 1.33 64.53 76.53 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

619 

ACKNOWLEDGEMENTS   

The work presented in this paper has been supported by the specific research project 2020 “SV20-
216” at the Department of Mechanical Engineering, University of Defence in Brno and the Project for 

the Development of the Organization “DZRO Military autonomous and robotic systems.” 

REFERENCES 

[1] TEWARY, U., MOHAPATRA, G., SAHAY, S., S. Distortion mechanisms during carburizing and quenching in a 

transmission shaft. Journal of Materials Engineering and Performance. 2017, vol. 26, no. 10, pp. 4890-4901. 

[2] ARUNKUMAR, S., CHANDRASEKARAN, M., MUTHURAMAN, V. KUMAR, T., V. Study properties and 

mechanical behavior of the shaft material 16MnCr5. Materials Today: Proceedings. 2021, vol. 37, pp. 2458-2461. 

[3] POKORNY, Z., KADLEC, J., HRUBY, V., JOSKA, Z., TRAN, D., Q., BERAN, D. Plasma nitriding of bored barrels. 

Advances in Military Technology. 2011, vol. 6, no. 1, pp. 69-76. 

[4] POKORNY, Z., BARBORAK, O., HRUBY, V. Characteristics of plasma nitrided layers in deep holes. Kovove 

Materialy. [online]. 2012, vol. 50, no. 3, pp. 209-212. Available from: https://doi.org/10.4149/km-2012-3-209. 

[5] BARENYI, I., MAJERIK, J., POKORNY, Z., SEDLAK, J., BEZECNY, J., DOBROCKY, D., JAROS, A., ECKERT, 

M., JAMBOR, J., KUSENDA, R. Material and technological investigation of machined surfaces of the OCHN3MFA 
steel. METALLIC MATERIALS. 2019, vol. 57, no. 2, pp. 131-142. 

[6] DOBROCKY, D., JOSKA, Z., POKORNY, Z., SVOBODA, E. Quality evaluation of carburized surfaces of steels 
used in military technology. Manufacturing Technology. [online]. 2020, pp. 152-161. Available from: 

https://doi.org/10.21062/mft.2020.028. 

[7] DAVIS, J. R. Surface engineering for corrosion and wear resistance. Materials Park, Institute of Materials, 2001. 

[8] POKORNY, Z., STUDENY, Z., JOSKA, Z., PROCHAZKA, J., SVOBODA, E. The influence of nitriding on the 
geometric accuracy of parts of special technology. METAL. [online]. 2020, pp. 617-626. Available from: 

https://doi.org/10.37904/metal.2020.3568. 

[9] ROBL, J., SEDLAK, J., POKORNY, Z., NUKSA, P., BARENYI, I., MAJERIK, J. Analysis of advanced additive 

technology in direct metal laser sintering and precision casting method. Bulletin of the polish academy of 
sciences. [online]. 2020, vol. 68, no. 1, pp. 109-118. Available from: https://doi.org/10.24425/bpasts.2020.131842 

[10] BUMBALEK, M., JOSKA, Z., POKORNY, Z., SEDLAK, J., MAJERIK, J., NEUMANN, V., KLIMA, K. Cyclic fatigue 
of dental NiTi instruments after plasma nitriding. Materials MDPI. [online]. 2021, vol. 14, no. 9. Available from: 

https://doi.org/10.3390/ma14092155. 

[11] STUDENY, Z., POKORNY, Z., DOBROCKY, D. Fatigue properties of steel after plasma nitriding process. In: 

METAL. 2016: 25th anniversary international conference on metallurgy and materials. Brno: Tanger, 2016, pp. 
1175-1180. 

[12] POKORNY, Z., DOBROCKY, D., FALTEJSEK, P. The Influence of Alloying Elements on Surface Hardness of 
Ferritic Nitrocarburizing Layers of Ball Screws. ECS Transactions. 2018, vol. 87, no. 1, pp. 443-449. 

[13] POSPICHAL, M., DVORAKOVA, R., STUDENY, Z., POKORNY, Z. Influence of initial carbon concentration on 
nitride layers. Manufacturing technology. 2015, vol. 15, no. 5, pp. 889-893. 

[14] POKORNY, Z., DOBROCKY, D., KADLEC, J., STUDENY, Z. Influence of alloying elements on gas nitriding 
process of high-stressed machine parts of weapons. Metallic materials. 2018, vol. 56, pp. 97-103. 

[15] DOAN, T., V., DOBROCKY, D., POKORNY, Z., KUSMIC, D., NGUYEN, V., T. Effect of Plasma Nitriding On 
Mechanical And Tribological Properties Of 42CrMo4 steel. In: Proceedings of the ABAF. 2016, vol. 74, pp.231-

238. 

[16] PROCHAZKA, J., POKORNY, Z., NGUYEN, H., CH. Possibilities of the utilization of nitriding on case-hardening 

steels. ECS Transactions. 2020, pp. 255-263. ISSN 1938-5862 

[17] POKORNY, Z., DOBROCKY, D., SURLAKOVA, M. Porosity in surface layer after chemical-heat treatment. In: 

Proceedings 26th International Conference on Metallurgy and Materials. Brno: Tanger, 2017. 

[18] KUSMIC, D., HRUBY, V., BACHAROVA, L. Corrosion resistance of surface treated 42CrMo4 steel. Kovove 

Materialy. [online]. 2016, vol.54, pp. 491-496. Available from: https://doi.org/10.4149/km_2016_6_491. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

620 

[19] ISO 18203:2016(E). Steel - Determination of the thickness of surface-hardened layer, 2016. 

[20] KUSMIC, D., DOAN, T. V., POSPICHAL, M., DOBROCKY, D. Improvement of wear resistance for C45 steel sing 
plasma nitriding, nitrocarburizing and nitriding/ manganese phosphating duplex treatment. In: IOP Conference 

Series: Materials Science and Engineering. [online]. 2017, vol. 179. Available from: https://doi.org/10.1088/1757-
899X/179/1/012017. 

[21] ASTM G133-05. Standard Test Method for Linearly Reciprocating Ball-on-Flat Sliding Wear, 2010. 

[22] BHUSHAN, B. Modern tribology handbook. Boca Raton, FL: CRC Press, 2001. 

[23] PROCHAZKA, J., POKORNY, Z., DOBROCKY, D. Service behavior of nitride layers of steels for military 
applications. Coatings MDPI. [online]. 2020, vol. 10, no. 10. Available from: 

https://doi.org/10.3390/coatings10100975. 

[24] ASTM C1624-05. Standard Test Method for Adhesion Strenght and Mechanical Failure Modes of Ceramic 

Coatings by Quantitative Single Point Scratch Testing, 2010. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

621 

INFLUENCE OF PLASMA NITRIDING ON CHANGE OF PART SIZE AND CHANGE OF 

FUNCTIONAL PARAMETERS OF SURFACE ROUGHNESS OF 34CrNiMo6 AND 14NiCr14 

STEELS 

1David DOBROCKÝ, 1Zbyněk STUDENÝ, 1Jiří PROCHÁZKA, 1Emil SVOBODA 

1University of Defense, Faculty of Military Technology, Brno, Czech Republic, EU, 

david.dobrocky@unob.cz, zbynek.studeny@unob.cz, jiri.prochazka@unob.cz, emil.svoboda@unob.cz 

https://doi.org/10.37904/metal.2021.4191 

Abstract 

Due to the increasing requirements for ensuring the function of the component and technical units in operation, 

monitoring and influencing chemical and physical changes in the properties of materials in the surface layer of 

the component is of considerable importance. These changes take place both as a result of the machining 

process, but can also be significantly influenced by the formation of diffusion layers, using suitable surface 

technology. These technologies include, for example, plasma nitriding, which significantly increases the useful 

properties of the surface. However, plasma nitriding also has a direct effect on the geometric quality of the 

surface of the part, ie the process of saturating the surface with interstitial elements initiates structural stress 

mechanisms, which lead to changes in surface structure and dimensional changes. The presented article deals 

with the evaluation of the change in dimensions and the change in the surface roughness of samples from 

medium-alloyed, noble steels 34CrNiMo6 and 14NiCr14. The change in the longitudinal dimension of the 

samples was evaluated using a 3D coordinate measuring machine and the surface roughness using a coherent 

correlation interferometer (non-contact). The evaluation of the surface roughness was focused on the change 

of 2D functional parameters Rk, Rpk, Rvk and the height parameters Ra and Rz were also evaluated. The 

dimensional changes were higher for 14NiCr14 steel (0.030 mm), compared to 34CrNiMo6 steel (0.023 mm). 

The nitriding process further led to changes in the evaluated 2D parameters of the surface roughness, which 

were more pronounced for 14NiCr14 steel. 

Keywords: Plasma nitriding, surface roughness, change of size, functional parameter 

1. INTRODUCTION 

A significant shift in the development of technologies and materials was the introduction of methods of 

chemical-heat treatment of exposed components, especially carburizing, nitriding and their modifications. 

These technologies are currently also penetrating the field of additive technologies [1]. The machined surfaces 

are saturated with interstitial elements and diffusion into the base material significantly increases the hardness 

of the surface layer. The formed surface layer acquires increased resistance to corrosion and fatigue failure, 

there is an increase in wear resistance and the initiation of compressive residual stresses in the surface layer 

[2,3,4,5]. 

The issue of the influence of chemical-heat treatment on dimensional accuracy and change of surface texture 

is addressed very little. Dimensional changes after nitriding processes are discussed, for example, in [6]. For 

instance, the publications [7,8] describe in more detail the deformation and transformation mechanisms in 

chemical-heat treatment, which lead to an increase in the volume of components and thus to changes in 

dimensional accuracy. 

The main reason for the change in dimensional accuracy and surface texture in nitriding is mainly the phase 

conversion of austenite to martensite, which causes an increase in their volume. Another factor is the diffusion 
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of nitrogen into the steel surface, which leads to an increase in the volume of the white layer (up to 5 %). In 

the work [9] it is stated that the change of the dimension of the part is proportional to the thickness of the white 

layer. When examining the effect of nitriding on the dimensional accuracy of C45 and 16MnCr5 steel 

components, it was found that the dimensional increase is 30 % to 50 % of the thickness of the white layer 

[10]. 

Dimensional accuracy can also be significantly affected by the shape deformation of the part, which is caused 

by the distribution of internal stresses in the material. Stress in the material arises both in the production of 

semi-finished products by forming and in phase transformations during heat treatment, chemical-heat 

treatment and subsequent cooling of the component. As a result of the deformation of the matrix lattice, which 

is caused by supersaturation of the ferrite with nitrogen, microscopic stresses of the diffusion layer occur. 

Nitrogen supersaturation of ferrite can reach up to 300 % of the equilibrium nitrogen concentration [11]. In the 

case of nitriding, precipitation of nitrides induces long-range tension fields, especially in the vicinity of coherent 

precipitates. If the precipitation processes take place until the formation of stable γ´-Fe4N type precipitates, the 

result is a significant reduction in stress, however, their formation is accompanied by an increase in volume 

and the emergence of macroscopic compressive stresses [12]. These mechanisms therefore lead to changes 

in the dimensions and surface texture of the components. 

2. EXPERIMENTAL PROCEDURE 

2.1. Production of samples and their processing 

Experimental samples with dimensions of 30.6 mm x 20.6 mm and length of 90.6 mm were made from selected 

steels. Samples were made with a 0.3 mm machining allowance. A total of 5 samples of each steel were 

produced. The chemical composition of the steels was evaluated using a Q4 Tasman spark optical 

spectrometer and the results are documented in (Table 1). 

Table 1 Chemical composition of evaluated steels (wt%) 

C Mn Si Cr Ni Cu P S 

34CrNiMo6 

0.36 0.76 0.25 1.65 1.94 0.20 0.019 0.034 

14NiCr14 

0.10 0.60 0.25 0.80 3.33 0.17 0.010 0.020 

The experimental samples were heat treated, i.e. normalized and treated according to the recommendations 

given in the material sheets. The heat treatment parameters are given in (Table 2). 

Table 2 Parameters of heat treatment of experimental samples 

Steel Normalization annealing Hardening Tempering 

34CrNiMo6 870 °C / 45 min / air 850 °C / 45 min / oil 600 °C / 100 min / water 

14NiCr14 850 °C / 45 min / air 840 °C / 45 min / water 600 °C / 100 min / water 

The heat treatment of the experimental samples was followed by grinding of the functional surfaces. The final 

dimensions of the sample were determined to be - L x W x H = 90 mm x 30 mm x 20 mm. The surface 

roughness requirements for ground surfaces were set to Ra = 0.8 µm. The samples thus prepared were plasma 

nitrided at 520 °C for 14 h in an atmosphere of 1H2: 3N2 in Rübig PN 100/180 device. 

2.2 Measurement of parameters of diffusion layers, changes in size and surface roughness 

The change in the parameters of the diffusion layer after plasma nitriding was evaluated in terms of surface 

hardness, measuring the depth of the diffusion layer and the thickness of the white layer. The surface hardness 
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was measured on an instrumented Zwick ZHU 2.5 hardness tester, with a load of 10 kg (HV10). The depths 

of the diffusion layers were measured using microhardness and hardness curves on an automated Leco 

LM247AT microhardness tester, with a load of 100 g (HV0.1). The thicknesses of the white layers were 

measured optically on a metallographic cross-section of sample, using an Olympus DSX500 inverted opto-

digital metallographic microscope, at 1000x magnification. 

Measurement of dimensional accuracy of experimental samples was performed on a 3D CNC coordinate 

machine Werth ScopeCheck®S and evaluated by WinWerth® 8 software. Dimensional changes were 

evaluated by a touch sensor. 

The surface roughness parameters were measured by the non-contact method with a Talysurf CCI Lite 

coherent correlation interferometer. The obtained data were analyzed using MountainsLab Premium 8 

software. The measurement was performed on the sampling length lr = 0.8 mm, evaluated length ln = 4 mm, 

cut-off Δc = 0.8 mm, Gauss filtration. A total of 5 roughness profiles were measured and the mean value was 

taken from them. 

3. EXPERIMENTAL RESULTS AND DISCUSSION       

3.1. Results of measuring parameters of diffusion layers 

The evaluated parameters of the diffusion layers are shown in (Figure 1) in the case of surface hardness and 

in (Figure 2) in the evaluation of the depth of the diffusion layer and the thickness of the white layer. 

 
Figure 1 Surface hardness before and after plasma nitriding 

A more significant increase in surface hardness can be observed for 34CrNiMo6 steel (613 ± 28 HV10), 

compared to 14NiCr14 steel (479 ± 29 HV10). 

 
Figure 2 Diffusion layer depth and white layer thickness 
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Conversely, in the case of diffusion layer depths, a higher value was detected for 14NiCr14 steel (434 ± 8 μm), 

compared to 34CrNiMo6 steel (342 ± 1 μm). The thicknesses of the white layers were reversed, a higher value 

(4.4 ± 0.5 μm) was found for 34CrNiMo6 steel, compared to the value (3.2 ± 0.4 μm) for 14NiCr14 steel. 

3.2. Results of dimensional change measurement 

The values of changes in the dimensions of the experimental samples, given in Table 3, express the mean 

value from 5 measurements. These values of changes are compared with the mean value of the treated ground 

samples, which here represents the reference value 0, resp. required sample size 90 mm. 

Table 3 Change in dimensions of experimental samples after plasma nitriding 

Steel Change of dimension [mm] Change the degree of IT accuracy 

34CrNiMo6 + 0.023 ± 0.002 from IT 6 to IT7 

14NiCr14 + 0.030 ± 0.003 from IT7 to IT8 

The results given in (Table 3) show an increase in dimensions after the plasma nitriding process, which 

reached almost identical values for both steels. The same values were achieved by the deterioration of the 

degree of accuracy of ground samples by the application of the plasma nitriding process, by one degree of IT 

accuracy. 

3.3. Results surface roughness evaluation 

To evaluate the change in roughness of machined surfaces after plasma nitriding, 2 groups of 2D roughness 

profile parameters were selected, which objectively describe changes in surface microgeometry and basic 

characteristics of the functional behavior of the component in operation. The selection of parameters was 

performed with the aim of a basic description of the change in the roughness of the machined surface, in terms 

of the change in the geometric accuracy of the part after the plasma nitriding process. The selection of 

parameters is given in (Table 4). 

Table 4 Selected 2D surface roughness parameters 

Parameter designation Full name Unit 

Amplitude (height) parameters 

Ra Arithmetic Mean Deviation of the roughness profile µm 

Rz Maximum Height of roughness profile µm 

Rk parameters (parameters of material ratio) 

Rk Core Roughness µm 

Rpk Reduced Peak Height µm 

Rvk Reduced Valley Depth µm 

The results of the evaluation of selected 2D parameters of the roughness profile are documented for steel 

34CrNiMo6 in (Table 5). Table 6 shows the results of the evaluation of 14NiCr14 steel. 

From the results given in (Table 5) it is evident that the changes of the evaluated roughness parameters did 

not reach significant values for 34CrNiMo6 steel, resp. the process of plasma nitriding did not lead to changes 

in height and functional parameters of surface roughness. The only exception is the Rvk parameter, where a 

decrease of 17 % was achieved after the plasma nitriding process. Decreasing the value of this parameter is 

characterized by poorer retention of the lubricant by the surface. 

Significant differences were achieved in the evaluation of 14NiCr14 steel, there was an increase in the 

parameter Ra by 15 % after the plasma nitriding process, which indicates a deterioration in surface roughness. 

In the case of the Rz parameter, its increase by 26 % was measured, compared to the ground surface. This 
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indicates a higher probability of this profile penetrating the oil film. In the case of the parameter Rk, it decreased 

after plasma nitriding by 19 %, the nitrided surface will wear more slowly. An increase in the Rpk parameter 

by 48 % after plasma nitriding means more friction particles at the sliding surfaces, which are formed by 

breaking the tips of the profile peaks. On the contrary, an increase in the value of the Rvk parameter by 84 % 

after plasma nitriding will cause the surface to better retain the lubricant in its valleys. 

Table 5 Change of surface texture parameters for 34CrNiMo6 steel 

Parameter Process Change of values 

Ground Plasma nitrided [μm] [%] 

Ra 0.98 ± 0.14 0.95 ± 0.02 - 0.03 - 3 

Rz 6.33 ± 0.97 6.13 ± 0.10 - 0.20 - 3 

Rk 2.86 ± 0.41 2.84 ± 0.13 - 0.02 - 1 

Rpk 0.93 ± 0.16 0.96 ± 0.10 + 0.03 + 3 

Rvk 2.17 ± 0.15 1.81 ± 0.14 - 0.36 - 17 

Table 6 Change of surface texture parameters for 14NiCr14 steel 

Parameter Process Change of values 

Ground Plasma nitrided [μm] [%] 

Ra 0.71 ± 0.10 0.82 ± 0.05 + 0.11 + 15 

Rz 4.23 ± 0.22 5.31 ± 0.16 + 1.08 + 26 

Rk 2.31 ± 0.45 1.88 ± 0.18 - 0.43 - 19 

Rpk 0.52 ± 0.09 0.77 ± 0.05 + 0.25 + 48 

Rvk 1.22 ± 0.19 2.24 ± 0.13 + 1.02 + 84 

4. CONCLUSION 

The plasma nitriding process led to similar values of the increase in the dimensions of the experimental 

samples in the evaluated steels (on average by 26.5 μm). Of the evaluated steels, a smaller average value of 

the dimensional increase was found for 34CrNiMo6 steel. For both steels, the process led to a deterioration of 

one degree of IT accuracy. 

Experimental research further showed that the process of plasma nitriding leads to changes in the observed 

2D parameters of the roughness profile. Negligible changes in roughness were found for 34CrNiMo6 steel. 

However, in 14NiCr14 steel, the plasma nitriding process led to significant changes in all evaluated 

parameters. The results show that 34CrNiMo6 steel is suitable for the plasma nitriding process in terms of 

changing the functional properties of the surface, to which it is not sensitive. In contrast, in 14NiCr14 steel, the 

plasma nitriding process leads to changes in functional properties, which are manifested by deterioration of 

roughness, worse friction parameters, but higher wear resistance and better ability to retain lubricant. 

The achieved results correspond to the results achieved in the work [6,13] and expand the area of solving the 

problem of the influence of chemical-thermal treatment on the quality of components. Despite its undeniable 

advantages that plasma nitriding has, it is necessary to realize that this process affects the geometric 

parameters of components. For this reason, it is necessary to include a thorough control of the dimensions 

and texture of the surface after the nitriding processes, especially for components whose functional surfaces 

are manufactured to the prescribed degree of accuracy. Another possibility is to use such steels which are not 

very sensitive to the above-mentioned changes in geometric parameters. 
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Abstract 

The article presents selected results of microstructural investigation of Ni-Cr-Re coatings deposited by means 

of plasma thermal spray. The substrate made of 16Mo3 chromium molybdenum boiler steel was sprayed with 

a powder material of Oerlikon Amdry 4535 80 % Ni, 20 % Cr, 20 ÷ 45 μm, to which 1 % of metallic rhenium 

was added. Rhenium is an alloying additive that improves the heat resistance of alloys, creep, and high 

temperature oxidation resistance. Alloys with the addition of rhenium are widely used in aviation and power 

industry. Metallographic microscopic examinations, microhardness tests and surface profilometry were carried 

out. 

Keywords: Thermal spraying, protective coating, heat resistance, microstructure, Re addition, rhenium, 
coating 

1. INTRODUCTION 

The Plasma spraying process is essentially spraying molten or softened by heat (plasticized) materials onto a 

surface to form a coating. Materials in the form of a wire or powder are injected into a high temperature plasma 

flame, where it’s heated and accelerated to very high speed of flux. Plasma spraying diagram is shown in 

(Figure 1). Metallic, ceramics and even composite powders are commonly used. The most common plasma-

forming gas in the spraying process is argon or a mixture of argon and hydrogen. Coatings with a thickness of 

0.05 ÷ 2 mm and a density of up to 98 % are mostly obtained [1-3].   

 

Figure 1 Diagram of plasma spraying process [1] 
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For the proper adhesion of the coating, the surface of the substrate must be prepared properly, and the process 

parameters must be carefully selected. A well-prepared surface is considered as a dry, degreased surface, 

free from oxides and impurities, and above all, with an appropriate roughness. The surface profile should be 

irregular and heterogeneous and have a kind of "nests" in which particles of plasticized material can be 

deposited [2-4]. 

The aim of the work is to prepare and evaluate coatings in accordance with the developed technology of 

plasma spraying of nickel-chromium powder with the addition of Rhenium (Ni-Cr-Re) on the substrate made 

of 16Mo3 boiler steel and testing the obtained coatings. 

Rhenium is a dark silvery refractory transition metal element with an atomic number of 75 and an atomic mass 

of 186.2. It has a very high melting point (3180 °C). Young's modulus (470GPa). It is characterized by the 

fourth highest density (21.02g/cm3). At 2700 ÷ 2800 °C and under high stress conditions, the tensile and creep 

strength of Rhenium at high temperature is much higher than that of tungsten (at temperatures up to 1250 °C 

it exceeds twice). The addition of Rhenium to the Ni-Cr powder is to increase the thermal resistance of the 

obtained coating and to improve the resistance to high-temperature oxidation [5]. 

2. METHODS, MATERIALS AND DEVICES 

The main coating material powder was Amdry 4535 Ni-Cr (80 % - 20 %) from Oerlikon company, Re powder 

from KGHM with 150 µm granulation (purity 99.7 %). The morphology of the starting powders is shown in 

(Figure 2).  

 
Figure 2 SEM images of: Ni-Cr powder (left), Re powder (right) 

Due to the relatively large initial size of rhenium grains, it was subjected to a process of grinding by milling in 

a high-energy planetary mill with the following parameters: 200 rpm, BPR 5: 1, time 4h. After mixing, the 

powders were subjected to microscopic observation. In addition, surface distribution analysis of the elements 

(EDS) was performed. The morphology of the obtained powder mixtures is shown in (Figure 3). 

 

Figure 3 Morphology and surface distribution of the elements of the NiCr+1vol.% Re; red-Cr, blue-Ni,  

green-Re 
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SEM images and surface analysis of the elements showed that the Rhenium powder introduced into the 

mixture tends to hammer to the Ni-Cr particles. 

The coatings were made using the Multiprocess Spray System MP100. Prior to spraying, the powder was dried 

at 300 °C for 50 hours and then sieved through a 50 µm sieve. 10 steel plates are welded to the C-profile steel 

to avoid shifting during spraying, allowing a uniform coating and better heat dissipation. The substrate was grit 

blasted with F36 alumina. The roughness Ra after blasting averaged 6.5 μm. The channel was attached to the 

vertical truss of the rack (Figure 4 left). The plasma forming gas was a mixture of argon and helium. The 

additive material in the form of a powder was supplied with an argon stream. 

 

Figure 4 Method of fixing plasma spray samples on a common beam (left), Fanuc R-100iA robot while 
spraying (right) 

The F4 plasma torch was mounted on the FANUC R-100iA robot arm (Figure 4 right), which allows unlimited, 

free generation of the plasma torch trajectory. Thanks to this, the process was carried out repeatedly, precisely 

maintaining a constant distance between the torch and the ground.  

3. RESULTS 

Coatings with a thickness of about 500 µm were obtained. Before the invasive and destructive tests, optical 

roughness measurements were carried out on the Sensofar S Neox profilometer. The surface roughness of 

the coating was measured. The three-dimensional map of the coating surface distribution is shown in the 

(Figure 5). 

 

Figure 5 Three-dimensional map of coating surface deposited by the means of plasma spraying 
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Figure 6 shows the microstructure of the substrate-coating system. The 16Mo3 steel substrate with a ferritic-

pearlitic structure is characterized by an even grain distribution.  

 

Figure 6 Microstructure of 16Mo3 steel substrate and Ni-Cr-Re coating 

Figure 7 shows the microstructure of the coating and substrate observed using an electron microscope using 

a back-scattered ion detector. The light-coloured phase represents the distribution of Re particles in the 

coating, the weight proportion of which is about 1 %. The structure of the coating shows deformed Ni-Cr powder 

particles in which the inclusions (bright particles in the SEM image) are scattered randomly in the form of Re 

particles with dimensions of a few micrometres. 

 

Figure 7 Microstructure of substrate and Ni-Cr-Re coating (SEM) 

The plasma coating has a noticeable share of small and large pores. The small, closed pores are usually 

caused by trapped gases. Most of the larger pores are due to the formation of pits at the boundaries of the 

overlapping lamellae. In the plasma spraying method, the powder has been melted in a plasma with high 

thermal energy and deposited on a substrate in a semi-molten or molten form in an open atmosphere, resulting 

in a porous structure with a high content of oxides [6-8]. The cross-section of the coatings shows lamellar 

structures with the presence of thin oxide coatings, which is characteristic of plasma spraying. These oxides 
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have been observed to follow the grain boundaries. A characteristic "two-zone" microstructure is observed on 

the surfaces of the sprayed coatings. It is made of well-melted lamellae, and between them there are sintering 

zones with grains on a submicrometric scale [1,7-9]. 

The next step was to measure the hardness of the coating using the Vickers method according to EN ISO 

6507-1. The measurements were carried out under a load of 1,961 N. Results are presented in the diagram 

(Figure 8). 

 

Figure 8 Hardness distribution in substrate-coating system 

The graph shows the average hardness value from 5 measurement series with the standard deviation for the 

measurement point at the 95 % confidence level. Measurement impressions were made at 60μm intervals. 

The hardness of the 16Mo3 steel substrate is approximately 180 HV0.2 with a relatively low standard deviation, 

which indicates the homogeneity of the substrate material. The coating has a hardness in the range of 220-

240 HV0.2, with quite small range of standard deviation from the average values. This confirms the 

heterogeneity and irregular, diversified structure of the coating. 

4. CONCLUSION 

The plasma spraying process has a wide range of applications. With the appropriate selection of parameters, 

we can use various coating materials, metal, ceramic and composite. This method can be used for repair and 

regeneration purposes as well as for preventive purposes. Unfortunately, the sprayed coatings are porous. It 

is a good alternative to conventional surface modification methods, where precise coating thickness control is 

required. The coating material based on nickel and chromium is highly corrosion resistant. The addition of 

metallic rhenium to the powder increases the heat resistance of the alloy obtained in the process. A protective 

coating of this chemical composition increases resistance to high-temperature oxidation. Coatings with proper 

adhesion to the substrate were obtained. Typical for the thermal spraying processes, layers of oxides were 

observed at the boundary line between the coating and the substrate. The sprayed coating has a regular 

microstructure with a lamellar structure characteristic for this method of preparation. Characteristic thin oxide 

films for plasma sprayed coatings are visible between the powder particles from which the coating was formed. 

The obtained plasma sprayed Ni-Cr-Re coatings has a higher hardness than a substrate made of 16Mo3 steel, 

oscillating around the value of 230 HV0.2. The particles of Re are evenly dispersed, they can be easily 

identified in the SEM image due to the high density of rhenium. In the microscopic image, we observe them in 

the form of bright inclusions with dimensions of a few micrometres. The interface between the coating and the 

substrate shows no defects and discontinuities. The coating material evenly fills the unevenness of the 

substrate surface. 
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Abstract 

The paper presents selected results of microstructural investigation of Ni-Cr-Re with the addition of aluminium 

oxide coatings, deposited by means of HVOF thermal spray. The substrate made of 16Mo3 chromium 

molybdenum boiler steel was coated with a powder material of Oerlikon Amdry 4535 80 % Ni, 20 % Cr,  

20 ÷ 45 μm, to which 1 % of metallic rhenium and 10 % of Al2O3 was dopped using the high energy milling 

method in a ball mill. The Rhenium and alumina are an addition in shape of inclusions that improves the heat 

resistance of alloys, creep, and high temperature oxidation resistance. Alloys with the addition of rhenium and 

alumina are widely used in the power industry. Metallographic microscopic examinations, microhardness tests 

and surface profilometry were carried out. 

Keywords: Thermal spraying, protective coating, heat resistance, microstructure, Re addition, rhenium, 

coating 

1. INTRODUCTION 

The High Velocity Oxy Fuel (HVOF) thermal spraying process consists in heating the coating material in a high 

energy flame in the form of powder (less often wire) and high velocity transporting plasticized and partially 

melted particles onto the substrate material. HVOF spraying apparatus in action is shows (Figure 1). Metallic, 

ceramics and even composite powders are commonly used. The most common fuel in the HVOF spraying 

process is kerosene burned in oxygen. Coatings with a thickness of 0.05 ÷ 2 mm and a density of up to 98 % 

are obtained [1].   

 

Figure 1 HVOF thermal spraying process 
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In order to obtain sufficiently good adhesion of the coating, apart from well-chosen parameters of the spraying 

process, it is also necessary to properly prepare the surface of the base material by means of abrasive blasting 

[2]. The substrate surface ready to coat process is considered as a dry, degreased surface, free from oxides 

and impurities, and above all, with an appropriate roughness. The surface profile should be irregular and 

heterogeneous [3] and have a kind of inequalities in which particles of plasticized material can be deposited 

[4]. 

Rhenium is a dark silvery refractory transition metal element with an atomic number of 75 and an atomic mass 

of 186.2. It has a very high melting point (3180 °C). Young's modulus (470 GPa). It is characterized by the 

fourth highest density (21.02 g / cm3). At 2700 ÷ 2800 °C and under high stress conditions, the tensile and 

creep strength of rhenium at high temperature is much higher than that of tungsten (at temperatures up to 

1250 °C it exceeds twice). The addition of rhenium to the Ni-Cr powder is to increase the thermal resistance 

of the obtained coating and to improve the resistance to high-temperature oxidation [5]. The use of the Al2O3 

additive was to increase the oxidation resistance of the coating, but also to increase the wear resistance [6] 

e.g. due to the potential impact of ash in the boiler.  

The aim of the paper is to prepare and evaluate coatings in accordance with the developed technology of 

HVOF spraying of nickel-chromium powder with the addition of Rhenium and Al2O3 (Ni-Cr-Re-Al2O3) on the 

substrate made of 16Mo3 boiler steel. The research checked how the addition of ceramics will affect the 

formation of the coating structure.   

2. METHODS, MATERIALS AND DEVICES 

The main coating material powder was Amdry 4535 Ni-Cr (80 %-20 %) from Oerlikon company, Re powder 

from KGHM with 150 µm granulation (purity 99.7 %). The Al2O3 purity 99.7 % and average size (LD) 3.06 µm. 

Due to the relatively large initial size of rhenium grains, it was subjected to a process of grinding by milling in 

a high-energy planetary mill with the following parameters: 200 rpm, BPR 5: 1, time 4h. In the next step the 

powder of Al2O3 has been added to the mill chamber and process of mixing has been repeated. After mixing, 

the powders were subjected to microscopic observation. In addition, surface distribution analysis of the 

elements (EDS) was performed. The morphology of the obtained powder mixtures is shown in (Figure 2). SEM 

images and surface analysis of the elements showed that the rhenium (yellow inclusions) powder introduced 

into the mixture tends to hammer to the Ni-Cr particles. Al2O3 particles seem to partially free and occluded only 

(not connected permanently). 

   

Figure 2 SEM images of: Ni-Cr +Re + Al2O3 
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The coatings were made using the HVOF Spray System. Prior to spraying, the powder was dried at 300 °C for 

50 hours and then sieved through a 50 µm sieve. 10 steel plates are welded to the C-profile steel to avoid 

shifting during spraying, allowing a uniform coating and better heat dissipation. The substrate was grit blasted 

with F36 alumina. The roughness Ra after blasting averaged 6.3 μm. The channel was attached to the about 

45° oriented plate on the rack (Figure 1). The additive material in the form of a powder was supplied with an 

argon stream.  

3. RESULTS 

Before the invasive and destructive tests, optical roughness measurements were carried out on the Sensofar 

S Neox profilometer. The surface roughness of the coating was measured. The three-dimensional map of the 

coating surface distribution is shown in the (Figure 3). 

 

Figure 3 Three-dimensional map of coating surface deposited by the means of HVOF thermal spraying 

Figure 4 shows the microstructure of the substrate-coating system. Coatings with a thickness of about 550 

µm were obtained. The 16Mo3 steel substrate with a ferritic-pearlitic structure is characterized by an even 

grain distribution.  

 

Figure 4 Microstructure of 16Mo3 steel substrate and Ni-Cr+Re+Al2O3 coating 
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Figure 5 shows the microstructure of the coating observed using an optical microscope. The dark phase 

represents the distribution of Al2O3 particles in the coating, the weight proportion of which is about 10 %.  

The structure of the coating shows deformed Ni-Cr powder particles in which the inclusions are scattered 

randomly in the form of Re particles with dimensions of a few micrometres. On the bounder of grains there are 

Al2O3 particles located. 

 

Figure 5 Microstructure of substrate and Ni-Cr+Re+Al2O3 coating (OM) 

The HVOF coating has a noticeable share of small and large pores. The small, closed pores are usually caused 

by trapped gases. Most of the larger pores are due to the formation of pits at the boundaries of the overlapping 

lamellae. In the HVOF spraying method, the powder has been melted in a flame with high thermal energy and 

deposited on a substrate in a semi-molten form in an open atmosphere, resulting in a porous structure with a 

high content of oxides. The cross-section of the coatings shows lamellar structures with the presence of thin 

oxide coatings, which is characteristic of HVOF spraying. These oxides have been observed to follow the grain 

boundaries. A characteristic "two-zone" microstructure is observed on the surfaces of the sprayed coatings. It 

is made of well-melted lamellae, and between them there are sintering zones with grains on a submicrometric 
scale. 

 

Figure 6 Hardness distribution in substrate-coating system  
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The next step was to measure the hardness of the coating using the Vickers method according to EN ISO 

6507-1. The measurements were carried out under a load of 1.961 N, and the results are presented in the 

diagram (Figure 6). The graph shows the average hardness value from 5 measurement series with the 

standard deviation for the measurement point at the 95 % confidence level. 

The hardness of the 16Mo3 steel substrate is approximately 150 HV0.2. The low standard deviation at each 

measuring point proves the homogeneity of the base material. The coating hardness is in the range of 340-

400 HV0.2. High standard deviation bars indicate a heterogeneous and irregular structure of the coating. 

4. CONCLUSION 

The High Velocity Oxy Fuel thermal spraying process is characterized by high application flexibility. With the 

appropriate selection of parameters, we can use various coating materials and metal [7]. This method can be 

used for repair and regeneration purposes as well as for preventive purposes. Unfortunately, the sprayed 

coatings are porous. In many cases, it is a good alternative to conventional surface modification methods [8]. 

Oxide layers along the transition line and between successive applied layers are a common defect observed 

in spray coatings. [9] The coating material based on nickel and chromium is highly corrosion resistant.  

The addition of metallic Rhenium and Al2O3 to the powder increases the heat resistance of the alloy obtained 

in the process. A protective coating of this chemical composition increases resistance to high-temperature 

oxidation. 

The interface between the coating and the substrate shows no defects and discontinuities. The coating material 

evenly fills the unevenness of the substrate surface. Correct coatings with proper adhesion to the substrate 

were obtained. The obtained HVOF sprayed Ni-Cr+Re+Al2O3 coating has a higher hardness than the ferritic-

perlitic substrate made of 16Mo3 steel, oscillating around the value of 400 HV0.2. The structure of the coating 

reveals relatively evenly dispersed Re and Al2O3particles, which can be easily identified in the SEM image due 

to the high density of rhenium. In the microscopic image, we observe them in the form of bright inclusions with 

dimensions of a few micrometres. The sprayed coating has a regular microstructure with a lamellar structure 

characteristic for this method of preparation. Characteristic thin oxide films for HVOF sprayed coatings are 

visible between the powder particles from which the coating was formed. There are evenly inclusions  

of rhenium particles in the coating inside of grains mainly. The Al2O3 inclusions are on the grain boundaries.  
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Abstract 

One of the most important parameters of the alphining process, besides the time of immersion in the bath and 

the chemical composition of the metal, is the temperature of the liquid alloy. Alphinizing is an immersion 

process of aluminium plating of a part in order to produce a thin adherent layer on its surface which, after 

casting into a mould, is a bonding layer in a bimetallic connection between ring carrier and piston. This paper 

presents different alphin temperatures for cast iron ring inserts in order to compare the influence of the process 

temperature on the quality of the produced diffusion layers. It turns out that lowering the temperature from 

770 °C to 750 °C gives good results in terms of quality of produced layers and in terms of extension of the use 

of one batch of metal to the furnace by about 25 - 30 %. Temperature optimization makes it possible to reduce 

the consumption of primary materials, energy consumption and, as a result, to reduce the costs of 

manufactured products. 

Keywords: Aluminum alloys, alphinizing process, casting, quality, automotive 

1. INTRODUCTION 

Improving the quality of products and services, an important criterion for the success of every business, may 

be achieved by efforts to prevent problems appearing at the source. This is one element of the concept of 

quality control [1], which places the major emphasis on those activities that aim to limit various forms of waste 

and anomalies [2-5].  

This particularly relates to the automotive sector, where core quality tools have a particular significance. They 

include, among others, the control of the process in every phase (Control Process) [6,7]. One of these tools is 

the optimalization of the parameters of the piston casting process, including the alphinizing of ring carriers. 

This has a key influence on the strengthening of the upper ring groove on the side of the combustion chambers. 

The ring carrier, constructed from austenitic iron, is submerged in the aluminum piston casting in order to 

strengthen its adhesion with the piston. This is called the alfin bonding. Parameters defining high quality alfin 

bonding are: a uniform diffusive coating of specified thickness and a low share of detrimental iron phases such 

as AlXFeYSiZ, which weaken the alfin layer.  

During the alphin process of the Al-Si alloy the iron content increases via a diffusion path, and after attaining 

the permitted level the metal is poured off and exchanged for new material. The alloy which is contaminated 

by iron is stored as ingot and treated as scrap. The time of maintaining the alloy until alphinization depends on 

the size of the crucible, the number of immersed pieces, the temperature and time.  

Diffusion processes taking place during alphinizing depend on the temperature of liquid metal [8-13]. The 

present study proves that reducing the alphinization temperature results in reduction of the intensity of the 

diffusion process and slows the increase in iron to the border value, thus extends the alloy using time.  
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2. STUDY OBJECTIVE AND SCOPE 

The objective of this study is to determine the optimal temperature of the alloy for alphinizing of ring carrier 

(alloy AS9) with the goal of limiting the growth of iron content during the alphin process and foremost, 

guaranteeing the quality requirements of the produced piston castings.  

The study was conducted at the casting station equipped with an alfin station at the production plant of Federal-

Mogul Gorzyce sp. zo.o (FMG), one representative of so-called OEM’s (Original Equipment Manufacturers).  

The study scope includes:  

 A description of the alphinizing process of engine piston rings,  

 Alphinizing of ring carriers at the temperatures: 770oC, 760oC and 750oC, 

 Analysis of the material defects at the interfacial area of the piston casting with the ring at given 
temperatures.  

3. MATERIALS AND STUDY METHOD  

The study focused on the castings of combustion engine pistons intended for car gasoline and diesel engines. 

The temperature of the alloy for alphinizing of ring was registered with the assistance of a Ni Cr thermocouple 

and a temperature regulator coupled with the furnace driver. An increase in the iron content of the AS9 alloy 

was monitored every hour by taking samples for chemical content analysis with the assistance of an emission 

spectrometer SpectroLAB AMETEC LAV12 until the attainment of a borderline content of Fe 3.5 mass %. The 

castings underwent the same processes as in normal production until the attainment of the final product after 

machining. 

An assessment of the quality of the material defects in the interfacial area of the piston casting and the ring 

carrier was conducted based on internal quality norms. Adhesion tests of the piston rings were conducted with 

the help of an ultrasound adhesion method and a dye penetration test. Material tests of the adhesive layer at 

the ring - piston interface were conducted in FMG materials laboratory by taking metallographic samples and 

assessing their macro- and microscopic morphology of the alfin diffusion layer with the assistance of a Digital 

Keyence VHX7000 microscope and a Zeiss Axio Observer metallographic microscope.  

The alphinizing station is presented in (Figure 1).  

       

Figure 1 Station for the alphinizing of piston ring carriers: a) manual approach; b) automated approach;  
c) piston rings after the alphin process  

4. STUDY RESULTS  

The pistons were produced from the alloy S2N, while ring carriers were produced from GJLA-XNiCuCr15-6-2 

austenitic iron, which were alphin in the AS9 alloy. The results of the chemical composition analysis of the 

combustion engine piston castings are presented in Table 1, the ring carrier- in Table 2, and the alloy AS9 - 

in Table 3. 

a) b) c) 
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Table 1 Chemical composition of the alloy used in casting combustion engine pistons (%) 

Element Content (%) 

Si 11.3 - 12.5 

Cu 3.0 - 3.6 

Mg 0.5 - 1.0 

Ni 2.0 - 2.5 

Fe Max 0.5 

Mn Max 0.2 

Zn Max 0.1 

Ti Max 0.05 

Pb Max 0.05 

Table 2 Chemical composition of the iron ring carriers for combustion engine pistons (%) 

Element Content (%) 

C 2.73 

Si 2.21 

Mn 1.09 

P 0.062 

Cr 1.16 

Ni 13.91 

Cu 6.49 

S 0.0255 

Table 3 Chemical composition of the alphin alloy (AS9)  

Element Content (%) 

Si 9.5 

Cu ≤ 0.1 

Mg ≤ 0.1 

Mn ≤ 0.5 

Fe ≤ 0.65 

Ti ≤ 0.15 

Zn ≤ 0.15 

Ni ≤ 0.05 

Pb ≤ 0.05 

Results for the increase of percent content of iron in the AS9 alloy in the temperatures 770oC, 760oC, 750oC 

presented in (Figure 2).  

Correctly produced alfin coating and microstructure in the interfacial area between the piston material with the 

ring carrier in temperatures 770oC, 760oC, and 750oC are presented in Figure 3.  
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a) 

 

b) 

 

c) 

 

Figure 2 Change in the percent share of iron in alloy AS9 at temperatures: a) 770oC; b) 760oC;  

c) 750oC 

The conducted study points to the optimal temperature for alphinizing of ring carrier with respect to the increase 

in iron content, which should be 750oC. This implies that the maximum iron content in alloy AS9 is attained 

after approx. 19 hours of the alphin process. This allows for the extension of the alphinizing time of one batch 

of metal by 26 % in comparison to the standard process conducted at a temperature of 770oC. Extension of 

the processing time of the metal at a temperature of 750oC is dependent on the size of alfin crucible and the 

number of rings being deeping in alloy during the process. Figure 3 presents the results of the analysis of the 

microstructure and thickness of the layers in the studied areas at the interface of the ring and the piston material 

at defined temperatures.  
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Figure 3 Microstructure of the interface area of the piston casting and ring carrier at the temperature:  

a) 770oC; b) 760oC; c) 750oC. Magnification X 200 

Table 4 presents the results of the measurement of the diffusion and drag out layers depending on the 

alphinizing temperature. They indicate that the thickest drag out layer attained a temperature of 770oC, and 

the thinnest layer was produced in the temperature of 750oC. All of the layers are found within the norms and 

requirements for an appropriately strong alfin bonding layer. 

Table 4 Comparison of the thicknesses of the alphin layers 

Alphinizing temperature Thickness of the diffusion layer (µm) Thickness of the drag out layer (µm) 

770 °C 11.72 181.22 

 16.79 196.25 

 12.56 189.07 

average 13.69 188.85 

760 °C 14.45 176.15 

 13.18 183.06 

 10.14 178.43 

average 12.59 179.21 

750 °C 14.44 166.73 

 14.61 182.75 

 10.31 176.70 

average 13.12 175.39 
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5. CONCLUSION  

On the basis of the conducted technical tests and laboratory study, an optimal alphinizing temperature was 

determined for the iron ring carriers applied into the engine piston castings, that is, 750 oC. The optimalization 

of the process temperature allows for the extension of the use of one batch of metal for alphinizing by 25 - 30 

%, and so for the limitation of its consumption. Reduction of the temperature of the alloy for alphinizing did not 

worsen the quality of the bonding of the ring with the piston casting or the morphology of the components of 

the microstructure occurring in this layer. Only an insignificant reduction of the thickness of the bimetal layer 

was determined, which may be explained by the reduced intensity of the developing diffusive processes in the 

area of the interface between the ring carrier and the piston casting. The use of a reduced temperature for the 

alphin bath is justified from a quality and economil perspective, and a reduced use of materials and energy 

allows for a reduction in costs of the produced parts. This study may be the beginning of further development 

possibilities regarding the optimalization of the alphinization process of iron ring carriers in engine pistons.  
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Abstract  

A thermo-magnetic treatment applied before plasma nitriding modifies the characteristics of the mechanical 

resistance of the steel, the hardness and the resistance of the material during corrosion process. A non-

conventional treatment applied to steel for industrial gearings have been studied in this paper. It have been 

demonstrated that the energy of the magnetic field conduct to the mechanical oscillations of micro-areas in 

material and intervenes in the balance of the global power of the phase transformations in solid state changing 

the thermodynamics, kinetics and the mechanisms of the processes, the microstructures and properties of the 

steel. The wear tests (dry friction) have been realized using an Amsler stand. The plasma nitriding plant used 

was the INI 150 which was made by the Institute of Radiation Physics and Technology in collaboration with 

the "Electrotechnics" Enterprise and the Nuclear Apparatus from Romania, used for industrial nitriding of small 

pieces. INI 150 was based on the physical phenomenon of a double cathode at plasma (ion) nitriding. This 

work is a review of my researches from the last years. 

Keywords: Steel, properties, thermo-magnetic treatment, plasma nitriding, wear tests   

1. INTRODUCTION 

The structural aspects into superficial layer of the steel are studied during friction process by using of an Amsler 

machine, taking two sliding degrees, different contact pressures, and testing time. By X-ray diffractometry the 

changes regarding the austenite residual, IFe4N and the degree of thetragonality of martensite during friction 

process are carried out. Fe4N phase being a "hard" phase, increasing the amount of this phase in the 

thermochemically treated surface layer involves the increasing of the hardness and wear resistance of the 

surface layer [1,2]. The loss of mass, the intensity of the wear (dry friction) and micro-hardness in the superficial 

layer at different stage of friction have been monitored. The performed tests allowed establishing the influence 

of the thermal, magnetic and mechanical parameters on behaviour of the steel taking in study during friction 

process [3,4]. 

The properties of the nitrided layer depend on the nature of the nitride phases. As the nitriding temperature 

increases, the nitriding duration decreases, but the hardness of the nitrided layer decreases due to the 

coalescence of the nitrides of the alloying elements. It should be noted that the Fe2N (ξ) phase - which has a 

rhombic structure (deformed structure of the ε phase) and a low hardness, does not appear in the structure of 

the researched steels. Within the accuracy limits of the DRON3 diffractometer, the existence of this phase was 

not highlighted [1,5]. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

The samples have been realized as rollers from a steel grade for improvement treatment for machine parts 

construction with the following principal content: 0.42 % C, 0.02 % Al, 1.02 % Cr, 0.68 % Mn, 0.17 % Mo,  
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0.33 % Si, 0.26 % Ni, 0.22 % Cu, 0.030 % P, 0.026 % S. Molybdenum content exists in the composition of the 

steel and this chemical element decreases the stiffening phenomenon.  

The first part from the complex experimental program consisted of thermo-magnetic treatments. The treatment 

t1 represents a hardening treatment (at 850 °C) followed by a high tempering (at 580 °C), being a classic 

improvement treatment. The treatment t2 represents a complete martensitic hardening process in weak 

alternative magnetic field (with cooling in water) and high tempering treatment (with cooling in water, in strong 

magnetic field - Alternative Current (A.C.). In this case, the samples have been introduced in the centre of the 

electrical coil located in the walls of a cylindrical oven [2]. The treatment t3 represents a thermo-magnetic 

treatment corresponding to the treatment with cooling in water in magnetic field- Alternative Current (A.C.). 

After thermo-magnetic treatments, a thermochemical treatment as plasma nitriding at 530 ˚C have been 

applied. The final treatments have been noted: T1 = t1 followed by plasma nitriding at 530 ˚C (8h, duration 

depends on the dimensions of the samples);T2 = t2 followed by plasma nitriding at 530 ̊ C, and T3 = t3 followed 

by plasma nitriding at 530 ˚C. 

In Table 1 have been presented the micro-hardness values μHv0.1 obtained after thermo-magnetic treatment, 

comparing with the results obtained through the classic treatment. Mass loss (Δm) and the intensity of the 

wear (Iu) have been presented too. There are considered samples different treated. Distance from the 

superficial layer until the experimental trace was measured and the value was 0.05 mm. In this point, the 

Vickers micro-hardness had the values introduced in the following table: 

Table 1 Results corresponding to classic treatment (T1) and non-conventional treatments (T2 and T3) 

Treatment 
Code 

Normal 
Load Q 
[daN] 

Sliding 
degrees 

ξ [%] 

Mass 
loss  

Δm 
(dm) 

[g] 

The depth 
of the 

weared 
layer 

Uh’ [mm] 

The 
intensity 

of the 
wear 

Iu’  

Δt 
[h] 

μ  

(Friction 
coeffi 

cient) 

I 
Fe4N 

~ % 

μHV0.1 

[daN/mm2] 

 
T1  

(Classic) 

 
 
 

    75 

 
 
 
 
 
 

10 

- 
0.025 
0.035 
0.030 

 
0.100 

- 
5.89 
4.42 
4.42 

0 
1 
2 
3 

 
0.133 

18 
22 
14 
19 

 
1159 

 
T2 

- 
0.020 
0.020 
0.025 

 
0.070 

- 
2.95 
1.47 
1.47 

0 
1 
2 
3 

 
0.133 

14 
22 
22 
15 

 
1513.8 

 
T1 

 
 
 
 
 

150 

- 
0.035 
0.040 
0.040 

 
0.120 

- 
5.89 
5.89 
5.89 

0 
1 
2 
3 

 
0.116 

23  
25 
19 
 37 

 
1159 

 
T2 

- 
0.035 
0.025 
0.030 

 
0.090 

- 
4.42 
4.42 
4.42 

0 
1 
2 
3 

 
0.116 

14 
14 
15 
16 

 
1513.8 

 
TCA   (T3) 

 
 20 

- 
0.030 
0.030 
0.025 

 
0.095 

- 
4.42 
3.68 
3.68 

0 
1 
2 
3 

 
0.121 

24 
36 
38 
36 

 
1354.5 

 
T1 

(Classic) 

 
 20 

- 
0.040 
0.055 
0.050 

 
0.135 

- 
5.89 
6.70 
6.70 

0 
1 
2 
3 

 
0.121 

17 
14 
19 
 26 

 
1159 

The wear tests have been made on Amsler machine, type roller on roller, with different diameters to obtain 

different sliding degrees (for example, for ξ = 20 %, the outer diameter of the conducting roller had 43.9 mm 

and the second roller had 40 mm. Rollers width was 10 mm. The wear moment Mf = 40 daN·cm, the normal 
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load (Q) was 150 daN, the friction coefficient (μ) was 0.121, the lenght of friction zone of the rollers (Lf) was 

74.606 m). 

In Figure 1 have been presented the mass loss (dm1” and dm2”) corresponding to the treatment T1 and T2, 

for a normal load Q = 75 daN and a sliding degrees ξ = 10 %. 

In Figure 2 have been presented the mass loss (dm1’ and dm2’) corresponding to the treatment T1 and T2, 

for a normal load Q = 150 daN and a sliding degrees ξ = 10 %. 

 

Figure 1 Mass loss during wear tests, for T1 and T2, Q=75 daN, (10 %) 

 

Figure 2 Mass loss during wear tests, for T1 and T2, Q=150 daN, (10 %) 

 

Figure 3 Mass loss during wear tests, for T1 and TCA, Q=150 daN, (20 %) 
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In Figure 3 have been presented the mass loss (dm1 and dm2) corresponding to the treatment T1 and TCA 

(A.C.), for a normal load Q = 150 daN and a sliding degrees ξ = 20 %. 

In Figure 4, the Intensities of the wear (Iu1’, Iu2’) corresponding to the treatment T1 and T2, for a normal load 

Q = 75 daN and a sliding degrees ξ = 10 %, have been presented. 

In Figure 5, the Intensities of the wear (Iu1, Iu2) corresponding to the treatment T1 and to the treatment T2, 

for a normal load Q = 150 daN and a sliding degrees ξ = 10 %, have been presented. 

 

Figure 4 The Intensity of the wear (Iu1’, Iu2’) 

corresponding to the treatment T1 and T2,  

for a normal load Q = 75 daN (ξ = 10 %). 

Figure 5 The Intensity of the wear (Iu1, Iu2) 

corresponding to the treatment T1 and T2, for a 

normal load Q = 150 daN (ξ = 10 %). 

 

Figure 6 Intensity of the wear (Iu’) corresponding  

to the treatment T1 and TCA, for Q = 150 daN,  

ξ = 20 %. 

The amount of Fe4N phase has a maximum in the 

case of applying the T3 treatment both before the 

wear process and after the friction wear tests (see 

Table 1). This situation can be explained by the 

fact that, Fe4N being a harder phase, it "stays" in 

the composition of the surface layer longer in the 

process of frictional wear. The intensity of the wear 

due to appreciates the depth of the worn layer, in 

different cases of the treatments. Because of that, 

the depth of the worn layer by dry friction had been 

found in the case of the non-conventional 

treatments T2 and T3. Hence, the depth of the 

worn layers is smaller in the case of non-

conventional treatment comparing to classic 

treatment T1. 

In Figure 6 have been presented the Intensity of the wear corresponding to the treatment T1 and to the 

treatment TCA, for a normal load Q = 150 daN and a sliding degrees ξ = 20 %. 

In Figures 7, 8 and 9 the evolution of the phase Fe4N have been presented, in three cases: on classic 

treatment case as landmark - taking in consideration the different values for the Normal Load Q and sliding 

degrees ξ - and considering non-conventional treatment cases T2 and T3.   
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Figure 7 The distribution of the phase IFe4N, 

depending by duration t[h], after T1 or T2 treatment, 

Q = 75 daN, ξ= 10 % 

Figure 8 The distribution of the phase IFe4N 

depending by duration t[h], after T1 or T2, 

Q=150daN, ξ =10 % 

 

Figure 9 The distribution of the phase IFe4N 

depending by duration t[h], after T1 or T3 treatment, 

Q=150daN, ξ = 20 % 

In Figures 7 and 8, IFe4N corresponding to T1 

treatment had a cyclical evolution and in the case 

of the non-conventional treatment, the evolution 

was ascending. In Figure 9, upon frictional wear 

with the same Normal load Q = 150 daN and at 

the same sliding degree of 20 %, an increase in 

the amount of Fe4N was observed on the 

diffractograms. 

The highest amount of Fe4N phase is observed 

in the situation of applying the T3 treatment (the 

improvement treatment with cooling in magnetic 

field-alternating current A.C., H = 1300 A / m, 

treatment followed by ionic nitriding at 530 ˚C).In 

microvolume, after thermomagnetic treatment, 

the amount of Martensite (M) increased very 

much.[2] 

By the action of the magnetic field, the number of martensite germs increases in the same volume, resulting 

in a finer-finer martensite than in the conditions of classical heat treatment. Martensite increases the hardness 

of steel.Due to the internal magnetostrictive forces, the conditions for the diffusion of carbon atoms within the 

elementary cells are created. As a result, the degree of tetragonality of martensite decreases and the fragility 

of the material decreases. 

Each of the phases of the magnetic field heat treatment influences the durability differently: the hardening in 

the magnetic field leads to a 49 % increase in durability compared to the classic hardening. The return in the 

magnetic field determines an increase in durability of only 40 % compared to the classic treatment. 

At the low recovery of classical hardened steel, the magnetic field slows down the decomposition process of 

martensite (M), and if the steel has been hardened in magnetic field, the decomposition process of martensite 

is much slower, there is a tendency to increase the stability of martensite. At the same time, the magnetic field 

also influences the kinetics of the decomposition of the residual austenite by isotherm, on the heat treatment 
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of tempering, but in the sense of accelerating the transformation. The main cause of these phenomena is the 

effect of magnetostriction that produces stresses in the microvolumes of the solid solution - stresses that 

interact with the elastic stress field of dislocations. Magnetostriction represents the dimensional variation of a 

ferromagnetic material under the action of a magnetic field also called the Joule effect, which depends on the 

size and direction of the outer magnetic field, the material and the heat treatment previously applied to this 

material. 

3. CONCLUSION 

Overlapping a magnetic field - alternative current - in special conditions, on the improvement treatment applied 

to steel before the plasma nitriding process, it was observed that the quantity of the Fe4N phase increased in 

the plasma nitrided layer and the distribution of this phase during wear tests on Amsler stand and implies an 

increasing of the wear resistance and an improvement of the mechanical properties of the superficial layer of 

the steel. Also, after thermo-magnetic treatment applied initially, the hardness of the steel increased with 40 % 

in the case of the non-conventional treatment T3 and the micro-hardness of the superficial layer of steel 

increased with approx. 20 - 30 % after thermo-magnetic treatment, depending on the treatment regime applied, 

comparing to the classic treatment applied. From the diffractometric point of view, the samples had changes 

of the content of Fe4N phase in the superficial layer thermo-chemically treated. So, the magnetic field 

influences positively the mechanical properties of the steel. 
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Abstract  

The microstructure, hardness, and corrosion behavior of Cu-modified austenitic stainless steels (SS) were 

investigated in the present work. The materials were prepared by controlled melting of SS (chemical 

composition Cr 22 wt. %, Ni 9 %, Mo 2 %, Mn 2 %, Si 1 %, P 0.045 %, S 0.03 %, C 0.03 %, Fe bal.) with 1, 2 

and 5 wt. % Cu. The ingots were thermo-mechanically processed and annealed at 1100 °C for 30 min. The 

materials were metallographically prepared by grounding and polishing for microscopy observation. The steels 

were found to consist of austenite matrix. A small amount of δ-ferrite precipitated in the matrix during 

solidification. The microhardness of the materials was measured by Vickers method. The hardness of Cu-

modified SS was slightly reduced compared to the parent material due to Cu dissolution in austenite. The 

corrosion behavior of the steels was studied in physiological solution (0.9 wt. % NaCl) by electrode polarization. 

A three-electrode cell controlled by potentiostat was used to monitor the progress of the reaction. Corrosion 

potentials were shifted to more noble values with increasing Cu concentration. The corrosion rate of SS alloyed 

with 2 wt. % Cu was significantly reduced compared to the parent material. The results can be used as a 

guideline for an efficient design of Cu-modified SS for biomedical applications.  

Keywords: Stainless steel, austenite, copper, corrosion, electrode potential 

1. INTRODUCTION 

Steels are Fe-C alloys that constitute an important group of technical materials [1]. Solubility of C in Fe depends 

on crystal modification of Fe. α (α-Fe, α-ferrite) and δ (δ-Fe, δ-ferrite) have a body-centered cubic structure 

(BCC). The solubility of C in α-Fe and δ-Fe is very low. Austenite (γ-Fe), on the other hand, has a face-centered 

cubic lattice (FCC). Interstitial positions of FCC are larger than those of BCC. Therefore, the solubility of carbon 

in austenite is higher - up to 2.11 % [1]. Austenitic stainless steels are corrosion-resistant materials alloyed 

with Cr and Ni [2]. These materials have high hardness and good mechanical properties. Their applications 

include kitchenware, chemical utensils, and surgical tools. Cu is an austenizer. In the steel, it can be used to 

substitute for nickel. The solubility of Cu in austenite is up to  4 % and this element does not form carbides 

[2]. Cu is also added to improve the steel corrosion and creep resistance. Recently, it has been observed that 

Cu-bearing SS possess excellent antibacterial properties [3]. Namely, the antibacterial action of Cu is related 

to release of Cu2+ ions into aqueous media. The Cu2+ ions may easily adhere to cell membranes of 

microorganisms and efficiently destroy large colonies of bacteria.  

The corrosion resistance of SS alloyed with Cu has been investigated by several authors [4-6]. Cu improves 

the resistance of SS to uniform corrosion. It was found to suppress an anodic dissolution of SS in H2SO4 [4]. 
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The protective effect is related to Cu deposits that were found at the corroding site. The protective effect 

depends on the stability of deposited Cu. SS is prone to pitting corrosion in chloride-containing environments 

[5,6]. Therefore, in the present work, the corrosion behavior of SS alloyed with Cu in NaCl solution has been 

studied. A physiological solution (0.9 wt.% NaCl in de-ionized water) was chosen to investigate the possible 

applications of the Cu-modified SS in biomedical field. 

2. MATERIALS AND METHODS 

Steels alloyed with 0.4, 1, 2 and 5 wt. % Cu were investigated in the present work. The materials were labelled 

as SS, 1Cu, 2Cu and 5Cu, respectively. The chemical composition of SS is presented in Table 1. The starting 

materials were supplied by Camex, Měšice, Czech Republic. The Cu-modified SS were prepared by melting 

of SS with Cu lumps in MAM-1 arc-melter (Edmund Buehler). The melting was conducted in high purity Ar 

(99.9999 %). A piece of Ti was used as an oxygen getter Ti was melted first to remove a residual oxygen. 

Thereafter, pre-weighed pieces of SS and Cu were placed on a water-cooled Cu mold and instantly melted by 

striking an arc from a tungsten cathode. The samples were re-melted two times to improve the melt 

homogeneity. The ingots were homogenized at 1100 °C for 2 h in Ar. Subsequently, they were cold-rolled, and 

recrystallization annealed in Ar at 1100 °C for 30 min. The steels were cut by diamond saw into smaller discs. 

The steel disks were hot mounted in a non-conducting resin. The mounted samples were ground with grade 

1200 sandpaper and polished with diamond suspension down to 1μm surface roughness. The steel 

microstructures were observed by JEOL JSM 7600F scanning electrode microscope. The microscope was 

operated in secondary electron and backscatter electron imaging modes. An accelerating voltage of 15 kV 

was used to generate the electron beam. The working distance was 15 mm.  The chemical composition of the 

materials was studied by energy-dispersive spectroscopy (EDS). The EDS analysis was operated by INCA 

software.  

Table 1 Chemical composition of SS investigated in the present work (in wt. %) 

 Cr Mo Ni Mn C Si S P Cu Fe 

SS 22.4 2.2 9.0 1.7 0.03 0.7 0.03 0.045  0.4 Bal. 

The hardness of the materials was studied by Vickers method on an IndentaMet 1100 microindenter (Buehler). 

The load was 4.903 N and an average of seven measurements is reported. The steels were corrosion-tested 

in a three-electrode cell (Sensortechnik Meinsberg). The polished steel surface played the role of the working 

electrode. The reference electrode consisted of Ag/AgCl suspended in a saturated KCl solution. A Pt sheet 

(2x2 mm) was used as counter electrode. The physiological solution was prepared by dissolving 0.9 wt. % 

NaCl (Fisher) in de-ionized water at room temperature. The progress of the reaction was controlled by PGU 

10 V-1A-IMP-S potentiostat from Jaissle Electronic Ltd. (Waiblingen, Germany). An open-circuit potential 

(OCP) of the samples was measured first. Subsequently, the samples were polarized in both cathodic and 

anodic directions from the OCP with a polarization speed of 1 mV/s. The corroded steel surfaces were 

inspected by light microscope NEOPHOT 32 (LM). 

3. RESULTS AND DISUSSION  

The steels were found to consist of an austenite matrix γ, (Figure 1). The grains had regular shapes, and their 

size was 155 μm. The materials had similar microstructures. Cu alloying did not modify the grain size. A small 

amount of δ-ferrite was found in γ matrix. The chemical composition of γ and δ is compared in Table 2. Most 

Cu was dissolved in austenite (1.3 - 3.9 wt. %). δ-ferrite contained approximately 0.6 - 1.3 % Cu. In the 2Cu 

steel, δ-ferrite was enriched in Mo.  
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The hardness of the materials was studied by Vickers method. The results are presented in Table 3. The 

hardness of Cu-modified materials has been slightly decreased compared to parent material. The observed 

decrease ( 15 %) is probably related to Cu dissolution in γ-matrix.  

 

Figure 1 Microstructure of materials investigated in the present work 

Table 2 Chemical composition of γ and δ in SS, 1Cu, 2Cu and 5Cu steels (in wt. %) 

 Cr Cu Ni Mo Mn Si S Fe 

 SS 

γ 21.9  9.4  1.8 0.7 0.7 65.7 

δ 32.3  3.5 4.5 1.4 0.8  57.5 

 1Cu 

γ 20.2 1.3 9.3 2.0 1.5 0.6  65.1 

δ 30.6 0.6 3.0 3.0 1.1 0.8  61.0 

 2Cu 

γ 22.1 2.3 9.3 1.8 1.7 0.7  49.5 

δ 35.3 0.6 3.5 8.7 1.5 1.0  62.2 

 5Cu 

γ 20.5 3.9 8.2 1.8 1.4 0.6  63.8 

δ 34.6 1.3 2.9 2.3 1.0 0.6  57.4 
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The corrosion resistance of the materials was studied by electrochemical methods. The steels were immersed 

in a freshly prepared physiological solution. OCPs were recorded immediately after sample immersion in the 

electrolyte. The results are compared in (Figure 2a). The OCP of 5Cu has significantly increased from -740 

mV (vs. Ag/AgCl) at the beginning of experiment to -290 mV (vs Ag/AgCl) at 5 min of sample immersion in the 

electrolyte. The potentials of the remaining steels were relatively stable over time. The potentials were 

recorded for 30 min. The values obtained after 30 min are listed in Table 3. The OCPs increase in the following 

order: 

SS  1Cu << 2Cu < 5Cu           (1) 

The OCPs of the 2Cu and 5Cu steels were significantly higher compared to the parent material that indicates 

a smaller susceptibility of 2Cu and 5Cu steels to corrosion.  

 
Figure 2 Open circuit potentials (a) and polarization curves (b) of Cu-bearing steels in physiological solution 

Table 3 Hardness and corrosion parameters of Cu-modified steels. 

 Microhardness  OCP30min Ecorr jcorr vcorr 

 [HV0.5] [mV vs. Ag/AgCl] [mV vs. Ag/AgCl] [A m-2] μmpy 

SS 2293 -605 -600 5.62x10-2 58.7 

1Cu 1671 -608 -610 20.0x10-2 209 

2Cu 1966 -348 -396 0.79x10-2 8.3 

5Cu 2022 -289 -420 11.2x10-2 118 

The corrosion resistance of the materials was studied by electrode polarization in a three-electrode cell. In the 

experiment, a corrosion current density was measured as function of potential. The experimental polarization 

curves are compared in (Figure 2b). A cathodic to anodic transition at potentials close to OCP has been 

observed. The curves were analyzed by Tafel extrapolation [7]. Corrosion potentials, Ecorr, and corrosion 

current densities, jcorr, obtained by this method are given in Table 3. Ecorr values of Cu-modified steels are 

higher compared to SS. The values approximately correspond to OCPs of the materials obtained in the 

previous experiment and indicate that Cu-modification leads to a significant ennoblement of the parent 

material. 

The corrosion rate of the materials was calculated from corrosion current densities. Equation (2) based on 

Faraday’s law, was used 

���		 � 
�∗����
�∗�                            (2) 
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In this equation, EW is an equivalent weight of the steel, jcorr is the corrosion current density, F is a Faraday 

constant (95 485 C mol-1) and ρ is the steel density. EW and ρ were 25.6 g mol-1 and 8000 kg m-3, respectively. 

The effect of chemical composition on EW and ρ was negligible; therefore, identical values of EW and ρ were 

used for all materials. Calculated corrosion rates are given in Table 3. The corrosion rates decrease in the 

following order: 

2Cu << SS < 5Cu < 1Cu             (3) 

The corrosion rate of the 2Cu steel is significantly reduced compared to SS. The corrosion rates of 1Cu and 

5Cu steels are higher than the corrosion rate of SS.  

The sample surfaces after corrosion were inspected by LM. The microstructures are compared in (Figure 3). 

A local corrosion has been observed. In the 2Cu steel, small and isolated pits were preferentially formed 

(Figure 3b). In the remaining materials, the corrosion attack was more pronounced. The pits were 

interconnected via channels, resulting in a larger corrosion damage. This observation confirms the results 

obtained by electrochemical polarization, i.e., the better corrosion performance of the 2Cu steel compared to 

the rest of the materials.  

 

Figure 3 Sample surfaces of the parent steel (a) and 2Cu steel (b) after potentiodynamic polarization. 

The results indicate that the effect of Cu on the corrosion behavior of Cu-bearing stainless steel in NaCl is not 

straightforward. While it may significantly reduce the corrosion rate if used in suitable concentration (2 wt. %), 

it may also become critical to the material. An optimization of the steel chemical composition is therefore 

required. The steels were composed of γ and δ (Figure 1). The chemical composition of γ and δ is compared 

in Table 2. Most Cu was dissolved in γ which led to a significant ennoblement of this phase. Cu is a noble 

element. Its standard electrode potential is considerably higher compared to Fe - Table 4. The ennoblement 

activated γ in Cu-bearing stainless steels. γ became cathodic with respect to δ and most probably initiated a 

galvanic corrosion in the materials. In the 2Cu steel, however, a higher concentration of Mo in δ has been 

found -Table 1. Mo is a ferrite stabilizer. It is a relatively noble element with electrode potential higher compared 

to Fe and Cr -Table 4. [7] Therefore, the potential difference between δ and γ in the 2Cu steel was smaller 

compared to both 1Cu and 5Cu steels. Consequently, the 2Cu steel was less prone to galvanic corrosion.  

Table 4 Standard electrode potentials of metals [7] 

 Cu Mo Ni Fe Cr Mn 

E0 [mV vs. SHE] +342 -200 -257 -447 -744 -1185 

The Cu addition to SS in suitable concentration (2-3 wt. %) may significantly increase the corrosion resistance 

in saline solution. The effect of Cu concentration on corrosion of 316L in 0.9 % NaCl was previously studied 
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by Xi et al [8]. Authors prepared two materials: 2.5 and 3.5 wt. % Cu. They observed that the corrosion 

potentials of solution treated Cu-bearing SS increased with increasing Cu concentration. The protective action 

of Cu is related to passive film formation on the surface [9]. The corrosion performance of Cu-bearing SS 

decreases during ageing [8]. During ageing, Cu-rich precipitates are formed. The galvanic action between Cu-

rich particles and steel matrix is significant and accelerates the corrosion rate of Cu-modified 316L SS [8]. 

Therefore, a precipitation of hard ε-Cu should be avoided.  

4. CONCLUSIONS 

In this paper the microstructure, hardness and corrosion behavior of Cu-modified stainless steels have been 

studied.  

1) The materials were found to consist of an austenite matrix (γ). In the matrix, a small amount of δ-ferrite 

precipitated during solidification. 

2) The hardness of the Cu-modified materials was slightly decreased compared to the parent steel. The 

decrease is related to Cu dissolution in γ.  

3) Corrosion potentials of Cu-modified SS were increasing with increasing Cu concentration.  

4) The corrosion rate of SS alloyed with 2 % Cu was significantly smaller compared to the remaining 

materials. The results indicate that the effect of Cu on the corrosion behavior of Cu-bearing stainless 

steel in NaCl is not straightforward. While it may significantly reduce the corrosion rate if used in suitable 

concentration (2 wt. %), it may also become critical to the material. An optimization of the steel chemical 

composition is therefore required. 
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Abstract  

One of the most frequently performed orthopaedic procedures in Poland and in the world is hip arthroplasty. 

Correct placement of the implant in the bone tissue and initially positive postoperative results do not determine 

the durability and effectiveness of the above method of treatment. The durability of an arthroplasty depends 

on many biological and biomechanical factors, and their importance in the process of creating aseptic 

loosening of implants is still being analyzed. Significant conditions results, among others, from the construction 

and mechanical properties of implants. In this study, the subject of the study was the cementless acetabular 

cup of the endoprosthesis hip joint removed from the body due to the need for revision surgery. The surface 

of the deimplanted cementless acetabular cup of the hip joint was analyzed after 3 years of implant exploitation 

using stereoscopic microscope OLYMPUS SZ61 and scanning electron microscope JEOL JSM-6610 LV, the 

chemical composition was analyzed using scanning electron microscope with an EDS type X-ray 

microanalyzer, phase composition on a SEIFERT T-T X-ray diffractometer. The reason for the removal of the 

cementless acetabular cup was its loosening, which occured due to the fracture of cementless acetabular cup 

without displacement of fractions. The solution of the clinical problem was to replace cementless acetabular 

cup with a cemented acetabular cup. Macroscopically, no signs of osseointegration process were found on the 

porous surface of the deimplanted cementless acetabular cup.  

Keywords: Revision operations, hip arthroplasty, cementless acetabular cup, implant, microstructure 

1. INTRODUCTION 

Total hip arthroplasty is currently one of the most frequently performed orthopedic surgeries aimed at reducing 

pain and improving mobility. The essence of this procedure is to replace the damaged, natural hip joint with 

artificial elements. Contemporary cementless total endoprosthesis consist of: an acetabular cup with an insert, 

a stem and a modular head. The most common indication for this type of surgery are degenrative changes. 

Subsequently, they may include aseptic necrosis of the femoral head, podysplastic changes, fractures of the 

femoral neck, changes in the course of rheumatoid arthritis [1,2]. A good result and durability of arthroplasty 

depend on many factors. In 2019 alone, more than 59,000 hip arthroplasty were performed in Poland, and 

almost 600 of them were revision procedures after previous arthroplasty [3]. Already in the 90s of the last 

century, cementless acetabular cups covered with a porous titanium coating were introduced. The more 

developed surface provides a more stable primary anchorage of the implant, complementing the press-fit 

technique. The acetabular cup are covered with porous titanium coating in the process of vacuum plasma 

spraying and are intended to enable a permanent connection with the surrounding bone tissue by 

osseointegration. Thanks to specially developed technology, the produced coatings have a thickness about 
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0.3 mm and a porosity at the level of 40 %, and the pore size is in the range of 50 to 200 μm, which enables 

direct bone apposition. The most serious complications of arthroplasty include septic and aseptic loosening 

[3,4]. Septic loosening of the implant is a consequence of infection within the joint. While, aseptic loosening is 

a result of the lack of osseointegration, i.e. permanent connection of the implant with the bone tissue. The 

occurence of osseointegration depends not only on the correct surgical technique, but also on the structure 

and properties of the components of the endoprosthesis. If there are signs of loosening, a revision operation 

is required. Revision procedures are more extensive, technically more difficult and burdened with a higher risk 

of complications. Therefore, efforts are still being made to improve surgical techniques and optimize the 

properties of implants used in primary surgery. The study analyzed the titanium acetabular cup of the 

endoprosthesis removed three years after implantation. 

The content of the article may be of interest to both implant designers and manufacturers [5], as well as material 

sciences, for which the results will be an impulse for new searches, both in terms of coating and structure [6,7], 

material composition [8] and analytical methods, both experimental [9-11] and numerical [12-14]. It may also 

affect research in related pharmaceutical [15,16] and medical issues [17,18]. 

2. MATERIALS AND METHODS 

Examples of currently used types of cementless acetabular cup are presented in (Figure 1a). The stable 

connection of the acetabular cup with the bone takes place in two stages - primary and secondary stabilization. 

Ensuring a good, press-fit fastening of implant depends on good bone quality and appropriate surgical 

technique. The anatomical position of the acetabular cup, its size as well as the conditions for recreating the 

joint pivot point should be taken into account. When installing the acetabular cup, its inclination, anteversion 

and embedment depth are taken into account. Natural acetabular should be properly prepared for implant 

placement. After the perimeter of the acetabular edge is visualized, the bone bed is prepared by milling with 

the correct angles of inclination.  Milling allows to give the desired location and shape of the acetabular cup, 

remove the remains of articular cartilage and reveal the bleeding, subcartilage layer of bone. The gradual 

increase in the size of the cutters allows to achieve the planned location, size and shape of the bone bed. 

Figure 1b show the intraoperative preparation of the acetabular bone bed, while (Figure 1c) show the 

embedded cementless press-fit acetabular cup. All procedures must be performed in such a way as to recreate 

the individual anatomical conditions. The surface of acetabular cup, covered with a porous titanium coating, 

remains in constant contact with the bone tissue - as a consequence, with the participation of bone-forming 

cells under the influence of mechanical stimuli, it is permanently connected with the bone tissue. The metal 

implant is overgrown with bone, providing secondary stabilization. The stability of the prosthesis components 

is one of the basic conditions responsible for the proper functioning of the implant. The loosening of the 

acetabular cup remains a problem not fully resolved. In most clinical cases, it is mildly symptomatic. It has 

been proven that early loosening are a consequence of errors in the course of surgical procedures and results 

from improper placement of the prosthesis. Whereas, late loosening results from biological or mechanical 

causes. The etiology of aseptic loosening is defined as a consequence of the slow process of osteolysis of the 

bone tissue surrounding the implant. Sabokbar A., Pandey R. and Atkanasou N.A. as one of the reasons they 

mention wear particles from the articulation surfaces of the endoprosthesis, which precipitator in the joint and 

the surrounding soft tissues [4]. Their research has shown that the type of immune cellular response depends 

on the shape and size of the released molecules. Table 1 presents aseptic loosening risk factors [2]. The 

material science analysis carried out includes research of the chemical and phase composition on the 

deimplanted acetabular cup of the endoprosthesis hip joint after three years of exploitation. The research 

material is a titanium cementless „plasmacup“ acetabular cup in the shape of a hemisphere with a slightly 

flattened top, covered with a layer of porous titanium. The porous titanium was applied on the surface of the 

acetabular cup by plasma spraying. Plasma sprayed coatings are characterized by high adhesion, low porosity 

and excellent mechanical properties. A 55 years old female patient suffered an injury to the right hip as a result 

of a fall from her own height. Three years earlier, she underwent primary cementless right hip arthroplasty.  
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Performed X-ray examination showed a fracture of the right pelvic bone through the acetabular cup without 

displacement of the bone fragments and features of acetabular cup loosening of endoprosthesis. The 

loosening of the acetabular cup was confirmed intraoperatively and it was removed. There were no significant 

bone defects within the acetabular cup bone bed.  Due to the presence of fracture, a decision was made to 

embed polyethylene cup using bone cement. The acetabular cup was analyzed in terms of determining the 

causes of the implant loosening. For this purpose, the acetabular cup structure was examined using the 

stereoscopic microscope OLYMPUS SZ61 as well as microstructural analysis using the scanning electron 

microscope JEOL JSM-6610 LV. The chemical composition of the acetabular cup was analyzed using a 

scanning electron microscope with an EDS type X-ray microanalyzer, while the phase composition of the 

tested acetabular cup was verified with the SEIFERT T-T X-ray diffractometer. 

 

Figure 1 Macroscopic photos showing: (a) examples of cementless acetabular cup types, (b) properly 

prepared bone bed and (c) embedded cementless press-fit acetabular cup 

Table 1 Aseptic loosening risk factors  

Aseptic loosening risk factors: 

Depending on the implant used 

implant model 

articulation used 

manufacturer  

Depending on the operating technique 

implant stability 

implant matching  

operator experience 

embedding technique 

Depending on the healt of the patient 

preoperative diagnostics 

physical fitness 

genetic predisposition 

comorbidities and body weight 

3. RESULTS AND DISCUSSION 

In the first stage of research, the structure of the deimplanted cementless acetabular cup was analyzed. 

Figure 2 shows macroscopic photos of the examined implant. The conducted research revealed the places of 

surface violation of the implant resulting from the intraoperative removal of the acetabular cup from the bone 

bed. No features of the implant surface overgrowth with bone tissue were revealed. In order to visualize the 

components of bone tissue, research were carried out using the stereoscopic microscope OLYMPUS SZ61 - 

the results are presented in Figure 3. On the surface of the deimplanted acetabular cup, fragments of bone 

tissue were revealed, but only in a few places. The complete coverage of the implant with bone tissue and the 
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features of the overgrowth of the implant were not visualized. The resulting bone tissue clusters were uneven 

and discontinuous. Large areas on the implant surface were revealed with no signs of coating. 

 

Figure 2 Macroscopic photos of the acetabular cup surface: (a) front view, (b) rear view and (c) side view 

 

Figure 3 Selected fragments of the surface of the deimplanted acetabular cup 

 

Figure 4 Photos of microstructures in selected places of the examined acetabular cup: (a) the boundary 

between the acetabular cup surface without bone tissue from the surface with visible bone tissue, (b) 

microstructure of the titanium coating, (c) visualized bone tissue - 250x magnification and (d) visualized bone 

tissue - 50x magnification 
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Table 2 The chemical coposition on the acetabular cup surface without any signs of bone cover 

 

Element Ti O C Ca 

Content [weight%] 78.36 13.09 8.12 0.42 

Table 3 Chemical composition on the surface with visible bone tissue 

 

Element C O Ca P Ti Na S Cl Mg 

Content [weight%] 43.47 28.17 16.91 7.85 2.21 0.51 0.39 0.29 0.22 

The next stage of the research was to analyze the microstructure of the tested element. The obtained results 

are presented in (Figure 4). Using a scanning electron microscope with an EDS type X-ray microanalyzer, the 

chemical composition of the acetabular cup was analyzed in places covered with bone tissue and on the clean 

surface. Table 2 shows the results of the chemical composition of the titanium surface without bone tissue 

cover, while Table 3 shows the chemical composition of the visible elements of bone tissue. The chemical 

composition of the material remaining on the acetabular cup 

after reoperation confirms that it is bone tissue. However, the 

scant amount of material found indicates that there was no 

osseointegration and no secondary stabilization. Secondary 

stabilization occurs when bone tissue begins to overgrow the 

porous struture of the outer acetabular cup surface. After 

three years, most and often even the entire surface of the 
porous structure should be covered with bone tissue - 

however, this was not the case here. Next, the analysis of 

the acetabular cup phase composition was performed using 

a SEIFERT T-T X-ray diffractometer. Figure 5 shows the 

diffractogram obtained for the examined acetabular cup of 

the hip joint. The X-ray diffractogram obtained for the 

acetabular cup revealed the presence of Tiα and Tiβ phases.

  

Figure 5 The diffractogram obtained for the  

tested acetabular cup 

4. CONCLUSION 

Hip arthroplasty is one of the most frequently performed orthopedic procedures. In most cases, these are 

elective operations aimed at improving the patient’s comfort and quality of life. Considering that it is an invasive 

procedure, it carries the risk of complications that may level the good results of the procedure. According to 

the American Register of Endoprosthetics, among the complications determining revision surgery in recent 

years, 4.2 % were aseptic implant loosening. The material science studies were carrried out on the 

deimplanted acetabular cup of hip joint endoprosthesis three years after implantation. Microstructural 

examinations did not reveal any signs of the overgrowth of the implant surface with bone tissue. The analysis 

of chemical composition confirmed the presence of bone tissue components on the implant surface. 

Nevertheless, the small amount of material found indicates that the process of osseointegration and secondary 

stabilization did not take place. Phase composition studies using X-ray diffraction revealed the presence of Tiα 

and Tiβ phases, which confirms that the tested acetabular cup is made of a titanium alloy with a coating of 

porous titanium.  
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Abstract  

The article presents the results of tests of the coating material intended for the elements of boilers in the power 

industry (water walls, steam superheaters). The coatings were applied by thermal spraying, which is one of 

the basic technologies in surface engineering. The use of this method enables the production of coatings with 

a specific chemical and phase composition, and structure. The coatings were applied to parts of energy 

equipment made of alloy, heat-resistant steel (16Mo3). The structure and properties of the protective coatings 

were analyzed using a light microscope, SEM, X-ray diffractometer and a micro hardness tester. 

Keywords: Thermal spraying, power industry, anti-corrosion coating   

1. INTRODUCTION  

The most common cause of the weakening of the material that builds the elements of working installations in 

the power industry, erosive and corrosive wear processes are combined. In addition, high temperature, 

accompanying these processes during the operation of machines and devices, intensifies their occurrence and 

creates major problems in the operation of energy devices. The problem of erosive and corrosive wear is most 

visible in the combustion chamber, on the surfaces of superheaters, economizers and in the fuel and air supply 

systems to the boiler and the ash removal system [1,2]. By influencing the speed and shape of the flue gas 

stream, erosive wear and corrosive can be effectively reduced. It is possible due to the use of better materials 

for the construction of the boiler chamber and installation components. The use of this type of optimization of 

structure elements influences, among others to reduce wear of essential boiler components. The use of humps 

in exhaust gas ducts or choke plates at heaters is a good example of this type of modification [1]. 

The second method of protecting the most exposed to wear elements is the use of special overlays or 

protective coatings made of highly wear-resistant materials. Protective coatings used in the energy industry 

must be characterized by high durability due to the long-term operation of these devices in an unfavorable 

environment. Coatings produced by welding or thermal spraying bring the greatest protective effects [3]. The 

thermal spraying method can produce protective coatings from practically all known coating materials, on any 

substrate [4]. Materials used for protective coatings should meet the following conditions: stability under 

conditions not exceeding the melting point of 3000 °C. Thus, these materials cannot undergo chemical 

processes, such as evaporation or dissociation, until this temperature is reached [5]. The main task of thermally 

sprayed coatings is to protect the base material against corrosion, external and internal stimuli, and to ensure 

high abrasion resistance [6,7], even on stainless steel [8,9]. Well-produced coatings create a thermal barrier 

on the protected surface, which protects the material against high temperatures. In addition, the coating can 

give the protected surface special electrical, magnetic or other properties, which also increase its temperature 

resistance, hardness and thickness [10]. The deposited coating can be further improved by laser treatment 
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[11,12], thus making it possible to improve the technological properties [13,14]. Surfaces improved by applying 

an additional coating are of interest not only to the power industry [15,16], but also to the automotive industry 

[17,18], manufacturers of agricultural equipment [19,20] and producers of bioimplants operating in a corrosively 

aggressive environment [21]. 

The thermal spraying method uses coating materials that are characteristic of a given spraying method [22]. It 

is used, inter alia, powders, rods and solid or flux cored wires. For the arc and flame wire methods, solid or 

flux cored wires are used, the diameter of which depends on the type of device and ranges from 1.6 to 5 mm. 

An important requirement in selecting a coating material in the arc method is the conductivity of electric current 

through the wire. Other methods, such as flame powder and supersonic, use metallic powders, metal-ceramic 

and ceramic composite powders as well as thermoplastic plastics as the coating material [4,5]. Table 1 

presents selected examples of materials used in the production of coatings by thermal spraying. 

Table 1 Materials used for thermal spraying of coatings [4] 

Type of material weakening Spraying methods Material group 

Atmospheric corrosion 

Flame 
Wires of Zn, Zn-Al alloys., Al, Al-Mg 
Powders: Al2O3, Al2O3-TiO2, CrO2 

Arc 
Wires of Zn, Zn-Al alloys., Al, Al-Mg 
Powders: Al2O3, Al2O3-TiO2, CrO2 

Stainless steel, alloys based on NiCr 

High temperature corrosion 

Flame 
Wires Al, alloys with high content of Cr on Ni or 

Fe matrix 
Powders: ZrO2, ZrO2+Y2O3, Al2O3 

Plasma ZrO2, ZrO2+ modifications Y2O3 and others 

Arc 
Al, alloys with a high content of Cr on a Ni or Fe 

matrix 

 

Abrasive wear 

Flame Self- fluxing powders with remelting 

Arc 
Wires based on Fe Or Ni modified with the 
phases of carbides, borides, silicides, etc. 

HVOF 
Composite powders type: WC-Co, WC-Co-Cr, 

NiCr-Cr3C2, WC-CrC-Ni 

Abrasive and corrosive wear AT 
elevated temperatures 

Arc 
Ni- based wires modified with the phases of 

carbides, borides, silicides, etc. 

HVOF 
NiCr-Cr3C2, NiCr-Cr3C2 powders with additional 
modifications, e.g. Cr3C2-TiC-NiCr, WC-Cr3C2-

NiCr or Ni 

2. EXPERIMENTAL PART  

The test samples were taken from the parts used in the production of accessories for heating boilers. These 

parts were made of 16Mo3 steel. In order to increase the resistance to the corrosive environment, the metal 

surface was covered with a protective coating using the thermal arc spraying method. The chemical 

composition of the 16Mo3 heat-resistant alloy steel is presented in Table 2. 

Table 2 Chemical composition of 16Mo3 steel (wt%) 

C Mn Si P S Cr Mo Ni Cu Al N 

0.12-0.20 0.4-0.9 <0.35 <0.025 <0.010 <0.3 0.25-0.35 <0.3 <0.3 - <0.012 

The microstructure studies were performed using the OLYMPUS GX41 light microscope and the JEOL 

scanning electron microscope (SEM). The selected test results are shown in (Figure 1) and (Figure 2). The 
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analysis carried out on a scanning microscope and on an optical microscope of the coating showed that it is 

characterized by a lamellar structure. The coating consists of many particles (lamellas) formed by successive 

sprayed particles. As results from the analysis of the coating-substrate connection zone, the coating shows 

very good adhesion to the substrate. It was confirmed that 16Mo3 steel has a ferritic-pearlitic structure. The 

average thickness of the coating was 329.45 µm. 

 

Figure 1 Cross- section of the tested sample- 16Mo3 steel with coating, Olympus GX41 

 

Figure 2 Structure and morphology of the surface of the sprayed coatings (SEM)  

The coatings applied to the steel substrate were subsequently analyzed for their chemical composition on a 

scanning microscope equipped with an X-ray chemical composition analyzer (EDX). The results are shown in 

Table 3 and (Figure 3). 

Table 3 Chemical composition of the coating on 16Mo3 steel 

Element C-K O-K Mg-K Al-K Si-K Ca-K Cr-K Mn-K Fe-K Mo-K W-K Total 

Weight% 6.43 5.14 0.34 0.21 1.19 0.36 19.69 0.73 62.60 1.44 1.86 
100 

Atomic% 21.7 13.02 0.57 0.32 1.72 0.37 15.34 0.54 45.51 0.61 0.41 
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Figure 3 Chemical composition SEM/EDX 

Figure 4 shows the diffractogram for a sample of steel with an applied coating. The X - ray diffractometer 

Seifert 3003 T - T with a cobalt lamp λcokα = 0.17902 nm was used for identification of phase composition of 

coating. XRD patterns from angle 40-130 ° 2θ were recorded with the following measurement conditions: tube 

voltage of 40 kV, tube current of 30 mA, step-scan mode with a step size of 0.2 ° and counting time of 10 s per 

step. After the analysis, the presence of the Fe phase was confirmed (peaks 1-4). However, it should be 

remembered that identical peak positions are characteristic for chromium. This element is also found in the 

composition of the coating (Fe / Cr). 

 

Figure 4 Diffractogram for 16Mo3 steel coated with the thermal spray method 

In the next stage, the hardness of the substrate and the coating were tested using a Shimadzu HMV-G Series 

microhardness tester. The Vickers microhardness test (HV 0.1) was performed for a load of 0.980 N. Several 

hardness measurements were carried out for both the steel substrate and the protective coating. Based on the 

obtained results, the average value was calculated, which for the substrate (16Mo3 steel) was 163 HV, while 

in the case of the coating it was 797 HV. Additionally, standard deviations for the substrate and the protective 

coating were calculated. The data is summarized in the column chart (Figure 5). 
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Figure 5 Average hardness value for the substrate (16Mo3 steel) and the coating 

3. CONCLUSION 

Coatings produced by thermal arc spraying from a selected coating material (Fe / Cr) adhere well to the 

substrate, which is advantageous from the point of view of performance. They are about 300 µm thick, which 

is important for their resistance to corrosive and erosive wear. The proposal of applying the coatings by this 

method allows to reduce the production costs due to the simple equipment and inexpensive coating material. 

The presented article presents selected test results of coatings intended for anti-corrosion and anti-erosion 

protection of selected accessories of heating boilers. Thermal arc spray coatings are an example of structurally 

advanced materials that can be used, for example in the energy industry. 
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Abstract 

Galvanizing still plays an important role in surface treatments. The thickness and quality of the zinc layer is the 

basic monitored property of materials treated in this way. Optical microscopy gives the correct value of the 

layer thickness, but it is a time-consuming destructive method. Conversely, GDOES is a fast method, but its 

accuracy needs to be verified (e.g. microscopically). This article also deals with another important parameter 

of the method (accuracy and thus also the repeatability of measurements). It follows that the GDOES method 

is correct and accurate for measuring the thickness of the zinc layer. 

Keywords: Zn layer, GDOES, optical microscopy, accuracy, precision 

1. INTRODUCTION 

The automotive industry is an important sector of mechanical engineering and places great emphasis 

on the development of new materials and technological processes and monitoring the quality of processes, 

products, and raw materials. All car manufacturers use coated materials in the manufacture of the body. 

The main task of surface engineering is to provide corrosion protection, which increases the product life of the 

product and modifies its external appearance [1,2]. One of the most frequently used anti-corrosion treatments 

is galvanizing.  

The appearance and properties of Zn coatings depend on the preparation technology. Zinc [3] is applied to 

steel products by five basic processes [4]: galvanizing, hot-dip galvanizing (metallization), hot-dip galvanizing 

in molten zinc [5], mechanical galvanizing, and sherardizing (diffusion galvanizing). This article deals with 

the determination of the thickness of a galvanically prepared Zn layer.  

Statistical data evaluation plays an important role in analytical chemistry [6]. Especially with a large number of 

measurements, it is absolutely necessary to evaluate the data on the basis of knowledge of chemometric 

procedures [7]. It is necessary to confirm or refute the normality of the data (Gaussian distribution) and 

to evaluate the characteristics of position and variability and the accuracy and precision of analyses 

on the basis of exploratory and statistical analysis [8]. 

The accuracy of the analytical method is tested using reference materials or methods. The test of the 

correctness of the method consists in verifying the statistical significance of the difference between the average 

result and the correct value of ��. For larger selections of values � � 10), the Student’s t-test is used to test of 

the correctness of selection: � � |�̅���|
� √�. The calculated t- characteristic is compared with the tabulated critical 

value � �!/#; &,, where ν is the number of degrees of freedom ' � � ( 1) If it is less than the critical value 

� �!/#; & the difference between the mean and the correct value is statistically insignificant, and, therefore, the 

mean is correct - the method gives correct results. 
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2. EXPERIMENTAL MATERIAL 

Galvanized sheet metal without final surface treatment was used for statistical evaluation of repeatability of Zn 

layer thickness determination using GDOES profile analysis (see Figure 1). The chemical composition of the 

base material is given in Table 1. It is IF (Interstitial Free) steel, which is standardly used in the automotive 

industry, especially for the production of the most exposed body parts, such as bumpers, wings, doors, hood, 

trunk lid, and roof. 

 

Figure 1 Galvanized sheet metal with craters after GDOES profile analysis 

Table 1 Chemical composition of the base material (wt.%) 

C Mn Si P S Cr Ni Mo 

wt. % 

0.008 0.338 0.011 0.016 0.006 0.052 0.047 0.012 
 

Cu Ti Co B Pb V W Al 

wt. % 

0.034 <0.001 <0.001 <0.0001 <0.001 0.011 <0.001 0.032 

The thickness of the zinc coating was determined by optical microscopy. The following figure is a cross-

sectional image of the zinc layer on the sample (Figure 2). 

 

Figure 2 Zn layer - in cross section on an Olympus IX70 optical microscope 
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3. EXPERIMENTAL METHODS 

An optical emission spectrometer with a glow discharge Spectruma Analytik GMBH (model GDA 750) was 

used in this work. The average chemical composition of the base material of the samples was determined 

by BULK GDOES analysis under excitation conditions of 700 V and 35 mA [9,10]. The profile analysis was 

performed under excitation conditions of 1000 V and 15 mA. Profile GDOES is used for evaluation of quality 

and thickness of hot-dip galvanized coating [5], cobalt alloy films [11], organic substances [12], and materials 

with non-conductive surfaces using a radio-frequency source (RF-GDOES) [13]. 

The measurement of the thickness of the zinc layer on the sample was performed in a cross section on an 

Olympus IX50 optical microscope [14,15]. Both devices are operated at the Faculty of Materials Science and 

Technology, VŠB - Technical University of Ostrava. 

4. RESULTS AND DISCUSSION 

Optical microscopy is an objective method for determining the thickness of a zinc layer (see Figure 2). This 

was measured at 10 metallographic sections, and the sample thus obtained was also statistically evaluated. 

First, the sign test confirmed the independence of the data, then the presence of outlying data was ruled out 

using a histogram constructed using MS Excel (Figure 3), and the normality was confirmed. The same 

conclusion was obtained by evaluating the data in the QC-Expert software. 

  
Figure 3 Histogram (MS Excel) - assessment of a selected set of data from optical microscopy 

Due to the low number of data, one-dimensional analysis was performed according to Horn’s method [6]. The 

pivot half-sum (characterized by the mean value) has a value of 8.239 μm, and the 95 % interval of the mean 

value is 8.193 . � .  8.284. The characteristics calculated by the Horn method do not differ much from the 

moment characteristics (123� � 8.242 �1; 4�3�5365 52�73�78� � 0.106 �1). The slope of this selection is 

0.278, and the slope is 2.91, which supports the result of the normality test - that is, the Gaussian distribution. 

Data homogeneity was also confirmed. 

The repeatability of the profile GDOES analysis was verified by 40 measurements of the Zn layer thickness 

(see Figure 1) under identical conditions. The following figure (Figure 4) shows, for example, 4 records of the 

profile GDOES analysis of galvanized sheet metal (the analysis number is marked in Figure 1). 

Figure 4 shows profile records of iron, zinc, carbon, manganese, sulfur, chromium and nickel. Other elements 

have such a low percentage that their display would not make sense. The scales of the profile records of 
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carbon, manganese, sulfur, chromium and nickel also had to be changed for the sake of recognisability - the 

value read from the record must be multiplied by one hundred - as can be seen from the legends of the records. 

 

Figure 4 Records of profile GDOES analyses of galvanized sheet - analyses No. 1, 2, 3, 8 

The record of analyses 1-3 shows that a layer of pure Zn occurs up to a depth of about 5 μm. Then there is 

a “mixed” region of Zn and the parent metal, and from a depth of about 9.5 μm, Zn no longer occurs. 

In Figure 4 - Analysis 8, the course of the analysis is different. There is a gradual decrease of Zn from 3 μm, 

and the base metal occurs up to a depth of 12 μm. However, this is the only spectrum with such a course, so it 

is advisable to consider omitting it from the basic data set. 

There is also a carbon and sulfur line in the range of 0 to 5 μm (about 0.05 % C and 0.01 % S). This may be 

due to surface dirt, or more likely to the instability of the photomultipliers at the beginning of the measurement. 

Quantitative evaluation of all analyses is summarized in Table 2. For illustrative comparison, the thickness at 

which the Zn layer is considered to be the thickness at which the zinc and iron profile lines cross (indicated by 

a vertical dashed line in the records in Figure 4).  

All data from Table 2 were assessed as a source file using QC-Expert software. The independence  

of the data was verified, and the homogeneity of the data was assessed using exploratory analysis.  

One of the most common ways to graph data is a box graph (Figure 5a). It allows the representation  

of a robust estimate of the position - median, assessment of the symmetry of the distribution, and especially 

the identification of suspected outliers measurements. According to the above graph, one value is suspected 

of being outliers because it lies outside the “lengths of the lines” (measurement No. 8). This conclusion was 
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confirmed using all graphical and numerical tests of QC-Expert software. Therefore, this outlier was omitted 

from the set and the exploratory analysis was performed again (see Figure 5b). 

Table 2 Zn layer thicknesses determined by GDOES profile analysis 

Analysis No. 1 2 3 4 5 6 7 8 9 10 

thickness of Zn layer / μm 8.4 8.4 8.1 8.2 8.3 8.1 8.4 9.7 8.5 8.4 

Analysis No. 11 12 13 14 15 16 17 18 19 20 

thickness of Zn layer / μm 8.3 8.4 8.2 8.4 8.0 8.2 8.1 8.4 7.9 8.5 

Analysis No. 21 22 23 24 25 26 27 28 29 30 

thickness of Zn layer / μm 8.3 8.4 8.0 8.6 8.5 7.9 8.1 8.3 8.4 8.4 

Analysis No. 31 32 33 34 35 36 37 38 39 40 

thickness of Zn layer / μm 8.3 8.0 8.5 8.1 8.2 8.1 8.4 8.6 8.4 8.4 

 

Figure 5 Box chart (QC-Expert): a) whole selection; b) selection after omitting  

an outlier 

Based on the exploratory analysis, it can be said that the sample of data is independent (based on the sign 

test), is homogeneous, and has a Gaussian and symmetric distribution (4:2;�244 � (0.409;  
:<6�8474 � 2.231). Therefore, it is most appropriate to use the moment characteristics of position and variability 

(123� � 8.285 �1, 4�3�5365 52�73�78� � 0.187 �1) to describe the selection. 

The accuracy of the profile GDOES analysis was tested at the significance level ? � 0.05 using Student’s  

t-test: � � |�̅���|
� √�. The calculated t-characteristic (from the values in Table 2) was compared with the 

tabulated critical value � �!/#; &, where ' is the number of degrees of freedom (' � � ( 1 � 39 ( 1 � 38). Since 

for the parameters � � 1.522 and ��.@AB; CD � 2.02, it holds that � . ��.@AB; CD it can be stated that the GDOES 

method gives correct results with 95 % probability. 

5. CONCLUSION 

The task of this work was to verify whether GDOES profile analysis gives correct and accurate results. 

40 analyses were performed on a galvanized IF sheet. One outlier was identified using exploratory analysis. 

After its omission from the set, the homogeneity, independence, and normality of the data were confirmed. 

Due to the low standard deviation and the narrow confidence interval, the GDOES method can be considered 

accurate. 

Optical microscopy was chosen as a reference method to verify the accuracy of the data. The thickness of the 

Zn layer was determined on a metallographic section, and using statistical analysis (Student’s t-test),  

it was found that there is no statistical difference between the results with 95 % probability. 
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Аbstract 

Paint dust is a fire hazardous product, it must be removed as it accumulates in the spray booths. To facilitate 

cleaning of the inner walls of the chambers, they should be covered with grease or other material and cleaned 

together with a layer of adhering paint. Currently, there are quite a large number of protective compositions for 

paint booths. The paper describes the characteristics and disadvantages of modern compositions for 

protecting the walls of painting chambers. Studies have been carried out on the ability of the composition to 

be applied to various surfaces and to remove the film from these surfaces after the paintwork has dried, as 

well as resistance to the action of organic solvents. 

Keywords: Protective compounds for painting booths, paintwork, colorful dust, organic solvents 

1. INTRODUCTION 

When carrying out painting works, depending on the method of application and the group of complexity of the 

product, from 40 to 90 % of the paint and varnish material settles on the surface to be painted in the form of a 

paint and varnish coating (PC). The rest of the paintwork material in the form of paint dust is carried away by 

the ventilation and settles on the inner walls of the painting booth, gratings, filters, air ducts. 

Paint dust is a fire hazardous product, as it accumulates during the operation of painting booths, it must be 

removed. In accordance with the "Sanitary Rules for Painting with Hand Sprayers", for convenience and ease 

of cleaning the inner walls of the painting chambers, they should be covered with grease or other material and 

periodically, at least once a week, cleaned together with a layer of adhered paint. 

Currently, more modern protective compositions for paint booths have been developed. For example, the 

composition of Petronol-OU based on petrochemical raw materials is applied with a brush and removed with 

scrapers or a solvent. Replacement is done once a month. In foreign practice, water-soluble compositions are 

used, which are applied easily and quickly with a paint spray gun and form a protective PC on the surface. The 

formulations are usually washed off with water using a hose or washing machine with a strong stream of water. 

Examples of such formulations sold in the Russian Federation are OSK 4CR Cabin Protect 7800 wall 

protection (Gutbier, Germany), CARSYSTEM Booth Mask (for walls) and Dust Keeper (for floors and gratings), 

(Lechler Coating), RZ -Cocon 9910 / P3-cocoon 9910 (by HENKEL) and others. Domestic developments are 

the following compounds: PELA tread system (PELA LLC, Nizhny Novgorod), AK-535 and AK-535P 

compositions, IS-VA composition (TU 301-2044-85), ESKA means (Ecocentre CJSC, Ukraine), solvent-borne 

varnish XC-567. 

The disadvantages of compositions from petrochemical raw materials are significant labor and time costs when 

cleaning with scrapers or organic solvents [1]. The "ESKA" agent is not recommended for objects with 
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increased sensitivity to the action of caustic chemical compounds, it is washed off with water and requires an 

anti-corrosion PC for painting chambers. Foreign water-soluble compounds are also washed off with water, 

which creates difficulties in the maintenance of painting booths with dry filters (creates waste of contaminated 

water) [2-4]. 

Lacquer XC-567, as a rule, is applied with a layer of gauze for easy removal from the surface. 

2. PRACTICAL PART 

Removable composition Isoflex 7000 (Kluthe GmbH, Germany) also belongs to modern compositions for 

protecting walls of painting chambers. This composition is designed to protect the plastic and metal surfaces 

of paint booths from dirt. It is applied by brush and roller as delivered and forms a hard transparent PC, the 

thickness of which is 20-25 µm with a raw PC thickness of 160-200 µm and a consumption of 180-240 g / m2. 

The composition can be easily removed using sharp objects. In order to replace imports to protect the walls of 

painting chambers with dry filters, NPO Lakokraspokrytie has developed and mastered the production of 

removable water-dispersion varnish VD-AK-5-235 (TU 2332-235-00209711-2008), designed to protect the 

inner walls of painting cameras from aerosols LMK. 

When developing a removable varnish, we used targeted additives Ombrelub RA (release agent), Tafigel PUR 

60 (thickener) by Munzing Chemie GmbH (Germany), whose official dealer on the Russian market is CJSC 

Euro-Color. 

When developing a removable varnish, we proceeded from the following premises [5,6]: 

 the varnish must be thixotropic to prevent it from dripping from vertical surfaces, 

 the varnish should form an elastic paintwork, 

 drying temperature should not exceed 30 ºС, drying time - 1.5-3 hours, 

 paintwork should be easily removed together with paintwork waste. 

As you know, acrylic and PVA dispersions have poor adhesion to metal surfaces. However, poor adhesion to 

metal does not allow easy peeling of the film from the metal surface. Therefore, when developing the 

composition, special release agents were investigated. 

The most suitable anti-adhesive for removable compositions was the Ombrelub RA anti-adhesive based on 

liquid hydrocarbons and surfactants, supplied to the Russian market by Euro-Color. Based on this release 

agent, a removable water-dispersion acrylic varnish was developed and tested. 

The technical characteristics of the varnish are given in Table 1. 

Table 1 Technical characteristics of removable varnish brand VD-AK-5-235 

Indicator name Indicator value 

Appearance and color of varnish 
Homogeneous, viscous milky liquid without lumps and 

foreign inclusions 

Coat color and appearance After drying, the varnish forms a uniform transparent coat 

Mass fraction of non-volatile substances,%, not less 40 

pH 8.0-9.5 

Viscosity conditions at a temperature of (20 ± 0.5) ºС 
according to a VZ-246 viscometer with a nozzle diameter of 

6 mm, s, not less 
40 

Drying time at a temperature of (20 ± 2) ºС to degree 2, min, 
no more 

90 

Application Ability Good 
Coat peelability The coat is easily removed from the surface after a cut 

Resistance of the coating to static water at a temperature of 
(20±2) °C, h, not less 

24 
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Studies were carried out on the ability of the composition to be applied to various surfaces and to remove the 

film from these surfaces after drying the paintwork, as well as resistance to the action of organic solvents. The 

research results are shown in Tables 2 and 3. As can be seen from the presented results, the varnish can be 

applied to painted and unpainted metal surfaces. The film is sufficiently resistant to organic solvents. PC does 

not drip from a vertical surface with a green film thickness of up to 550 microns, has thixotropic properties with 

a thixotropy index of 2.72 according to ASTM D 2196. 

Table 2 Technological properties of varnish 

Type of surface to be painted Application Ability Peelable ability 

Steel 3 
After drying, a homogeneous transparent film is 

formed without coating defects 
Easily removable 

Stainless steel The same The same 

Cink Steel « « 

Steel 3, painted with alkyd-urethane 
enamels 

« « 

Table 3 Resistance to organic solvents 

Solvent type Coat resistance to solvent 

White Spirit Slight softening, after drying the paintwork is restored 

Acetone Slight softening, after drying the paintwork is restored 

Xylene Strong softening, after drying the paintwork is restored, leaving a trace of the solvent 

Solvent R-4A Slight softening, after drying the paintwork is restored 

Solvent R-5A Strong softening, after drying the paintwork is restored, leaving a trace of the solvent 

Solvent 646 Slight softening, after drying the paintwork is restored 

In Figure 1 shows a fragment of cleaning the inner wall of the painting booth, protected with a removable 
varnish. 

 

Figure 1 Cleaning the inner wall of the spray booth 
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3. CONCLUSION 

The developed varnish does not contain flammable organic solvents, it is fire and explosion proof during 

storage and use. 

During the initial application of varnish from the surface of walls, windows and seams of the painting booth, it 

is necessary to remove the accumulation of settled paintwork materials, greases and other solids. Degrease 

the surface with any technical means and dry. The first degree of degreasing according to GOST 9.402. The 

varnish is applied by brush, roller or spraying in 2 layers with a wet layer thickness of 150-200 microns. 

As a rule, the varnish is applied during the cleaning of the spray booth during non-working hours with the 

exhaust ventilation operating. Removal of the film with the accumulation of settled paintwork material is made 

once every 2 weeks or as needed. 
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Abstract 

The choice of paints and varnishes and painting technologies for agricultural machinery is made taking into 

account its purpose and operating conditions. Therefore, when choosing a painting technology, it is necessary 

to take into account the weather resistance of the resulting paintwork, oil resistance, petrol resistance and heat 

resistance, as well as chemical resistance and non-toxicity, depending on the operating conditions. According 

to the authors, the standards of applied paintwork materials are outdated, since in recent years better and 

more durable materials have appeared on the market. SPA Lakokraspokrytie offers as an alternative fast-

drying energy-saving alkyd-urethane, urethane and alkyd-acrylic paintwork materials and also offers a two-

layer energy-saving dyeing technology. 

Keywords: Paints and varnishes, paintwork, dyeing technology, agricultural machinery 

1. INTRODUCTION 

The choice of paints and varnishes and painting technologies for agricultural machinery is made taking into 

account its purpose and operating conditions. 

By purpose, agricultural machinery can be divided into three classes [1]. The first includes tractors, engines 

and self-propelled chassis. The second class includes tillage machines, machines for sowing and planting, for 

preparing and applying fertilizers, for protecting plants, for irrigation, various types of combines, headers and 

trailers for transporting goods, machines for cleaning grain and seeds, harvesting and processing vegetables, 

as well as machines used in gardening. The third class of agricultural machinery includes equipment for animal 

husbandry and forage production. 

Agricultural machinery of the first and second class is operated in atmospheric conditions. Therefore, when 

choosing a painting technology, it is necessary to take into account the weather resistance of the resulting 

paintwork. For parts and assemblies exposed to gasoline, mineral oils and high temperatures, oil, petrol and 

heat resistant materials are selected. Machines and equipment for applying fertilizers, as well as for livestock 

complexes, must have chemically resistant paintwork. In addition, paint products for the protection of the 

livestock complex should be non-toxic, should not affect the reproductive functions of animals and reduce the 

sanitary characteristics of the received food. 

2. PRACTICAL PART 

Currently, the choice of paint and varnish materials and the technology of their use is regulated by GOST 

6591-91 “Coatings for paint and varnish tractors and agricultural machines. General technical requirements 

"and GOST 23852-79" Paint coatings. General requirements for the choice of decorative properties ". 
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So, for example, facing parts of agricultural machines must have a coating class of at least IV-V, on the 

remaining surfaces a VII coating class is allowed according to GOST 9.032-74. Coatings should be smooth, 

glossy or semi-glossy. According to the color scheme for agricultural machinery, red, orange, yellow, blue and 

blue colors are selected. 

For painting agricultural machinery in accordance with GOST 6591-91, weather-resistant enamels such as 

AC-182, PF-115, PF-188, ML-152, XV-518, XC-758 and others are recommended. Priming, as a rule, is made 

with alkyd primers GF-0119, GF-021, GF-017. These are energy-intensive LMK with high-temperature (80-

110 ºС) and long-term drying (from 35 to 90 minutes). It should be noted that until now, many manufacturers 

of agricultural machinery use PF-115 enamel for coloring their products, despite the fact that, according to 

GOST, the period of application of this enamel is limited to 01.01.1994. The above paintwork has a service life 

in temperate and cold climates up to 5 years. Higher service life (up to 7 years) is provided by coatings primed 

with water-borne materials applied by electrodeposition, dipping and spraying (primers V-KF-093, V-KCh-

0207, V-ML-0143), as well as powder coatings. 

In our opinion, this standard is outdated from the point of view of the applied paints and varnishes, since in 

recent years better and more durable materials have appeared on the market. 

In foreign practice, trends in the development and application of paintwork for agricultural machinery are: 

 replacement of conventional paintwork materials with paintwork materials with a high solids content and 

with water-based materials; 

 application of formulations without harmful air pollutants; 

 minimization of the amount of VOCs; 

 optimal compatibility of application methods; 

 obtaining high-quality paintwork at lower costs. 

For example, on a new painting line for potato diggers at the Grimme Landmaschinenfabrik plant, since 1995, 

products have been painted by dipping followed by powder coating. Surface preparation was carried out by 

iron phosphating. In 2003, iron phosphating was replaced by zinc phosphating, and dip priming was replaced 

by a thick layer (up to 45 microns) cataphoretic priming. 

The German company Eisenmann for the Czech Republic develops and installs a painting line for agricultural 

machines with 11 zones for surface preparation by cataphoresis followed by a coating layer. 

At the John Deere Werke plant (USA), a fully automated line for painting agricultural equipment with the quality 

of painting a car was launched. The painting line includes a 13-stage surface preparation, cataphoresis priming 

followed by painting with acrylic powder coatings. 

The rise in energy prices both abroad and in Russia leads to the need to save electricity. The problem of 

energy saving abroad is solved through the rational loading of the painting line, the use of diagonal ventilation 

systems in the painting and drying chambers, the use of heat exchangers to use the recovered heat, for 

example, for heating surface preparation baths, heat recovery from drying chambers, the use of special sliding 

gates for maximum heat preservation [2-4]. 

In Russia, energy savings are mainly solved through the use of energy-saving paintwork materials [5]. Such 

energy-saving materials include alkyd-acrylic, urethane, acrylic-urethane materials, which are currently widely 

represented on the Russian market [6]. 

The assortment of paints and varnishes, produced by SPA Lakokraspokrytie, also includes fast-drying energy-

saving alkyd-urethane, urethane and alkyd-acrylic paintwork materials. 

The paint systems for painting agricultural machinery based on these materials are shown in Table 1. 
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Table 1 Paint systems 

Name of parts and assembly units 
Paint systems 

For temperate and cold climates For tropical climates 

Roofs, shields, hoods, sidewalls, walls, sides, 
casings, belts, sheets, cyclones, selectors, 

sorters, cabinets for spare parts, consoles, etc. 
Frames, pages, frame structures, trailers, 

beams, headers and trailers platforms, etc. 
Bins, bodies, boxes, trays, auger casings, 

elevators, etc. 

Gr. AU-0179 1x20 
Em. AU-1518 2x25 

70 μm 
Gr-um. AU-1-201 1x40 

Em. AU-1518 1x25 
65 μm 

Gr-um. AU-1-201 2x40 
80 μm 

Gr. "Victoria" 1x20 
Em. AS-1-228 2x25 

70 μm 

Gr. UR-0442 1x30 
Em. UR-1524 3x20 

90 μm 
Gr-um. UR-1-202 1x35 

Em. UR-1524 3x20 
95 μm 

Ladders, railings, driver's platforms, seat 
frames and supports, etc. 

Lattice mill, stacker bottom, fan blades, rakes, 
brackets, etc. 

Details and units of pick-ups, tedders, etc. 
Augers, shafts, combs, conveyor strips, etc. 

Gr. AU-0179 1x20 
Em. AU-1518 1x25 

45 μm 
Gr-um. AU-1-201 1x40 

40 μm 
Gr. "Victoria" 1x20 

Em. AS-1-228 1x25 
45 μm 

Gr. UR-0442 1x30 
Em. UR-1524 2x20 

70 μm 
Gr-um. UR-1-202 1x35 

Em. UR-1524 2x20 
75 μm 

Sheets, sheathing, panels, beams, pump 
bodies, tanks, etc. Machines for sowing, plant 

protection and watering machines. 

Gr. "Victoria" 1x20 
Em. AS-1-228 2x25 

70 μm 

Gr. UR-0442 1x30 
Em. UR-1524 3x20 

90 μm 

Drying drums and columns, casings of heat 
generators, casings of electric heaters, 

casings of electric motors and other 
agricultural dryers, machines for processing 

feed and wet feed. 

Gr. AU-0179 1x20 
Em. AU-1518 1x25 

45 μm 
Gr-um. AU-1-201 1x40 

40 microns 
Gr. "Victoria" 1x20 

Em. AS-1-228 1x25 
45 μm 

Gr. UR-0442 1x30 
Em. UR-1524 2x20 

70 μm 
Gr-um. UR-1-202 1x35 

Em. UR-1524 2x20 
75 μm 

Parts and units of conveyors for working with 
manure. 

Tanks, bunkers, tanks, reservoirs, water 
cannons, etc. Machines for plant protection. 

Em. EP-5287 2x25 
50 μm 

Em. EP-773 2x25 
50 μm 

Em. EP-5287 2x25 
50 μm 

Em. EP-773 2x25 
50 μm 

Fuel, gasoline tanks. 
Gr. UR-0442 1x30 
Em. UR-1524 2x20 

70 μm 

Gr. UR-0442 1x30 
Em. UR-1524 2x20 

70 μm 

Parts and assemblies of the running gear, 
axles, cardan shafts, hydraulic cylinders, parts 

and assemblies of the hydraulic system, air 
cylinders, etc. 

Housings for gearboxes, gearboxes, etc. 

Gr. AU-0179 1x20 
Em. AU-1518 1x25 

45 μm 
Gr-um. AU-1-201 1x40 

40 microns 
Gr. "Victoria" 1x20 

Em. AS-1-228 1x25 
45 μm 

Gr. UR-0442 1x30 
Em. UR-1524 2x20 

Gr-um. UR-1-202 1x35 
Em. UR-1524 2x20 

75 μm 

Running wheels, skids, half-track, working 
bodies (disks, rollers, etc.) 

Gr. AU-0179 1x20 
25 μm 

Gr. "Victoria" 1x20 
20 μm 

Em. AU-1518 1x25 
25 μm 

Gr-um. AU-1-201 1x40 
40 microns 

Em. AS-1-228 1x25 
25 μm 

Gr. UR-0442 1x30 
Em. UR-1524 3x20 

90 μm 
Gr-um. UR-1-202 1x35 

Em. UR-1524 3x20 
95 μm 

Chimneys, exhaust pipes, etc. Em. KO-8-160 Em. KO-8-160 
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These materials are distinguished by accelerated drying not only at elevated (up to 80 ºС) temperatures, but 

also under natural conditions (3-5 hours), high decorative properties, high durability (8-10 years in temperate 

and cold climates and 4-5 years in tropical climate).  

The use of quick-drying energy-saving materials is very important, especially in Russia. This is due to the fact 

that most of the agricultural machinery enterprises were built in the middle of the last century. The equipment 

on the painting lines has exhausted its resource and requires reengineering [3]. When reengineering paint 

lines, there is a simultaneous reduction in the area allocated for the paint area and an increase in the range of 

products to be painted. 

So, for example, in JSC "Sibselmash" reengineering of paint production was carried out. For painting medium-

sized parts, SPA Lakokraspokrytie proposed a two-layer energy-saving painting technology based on AU-1-

201 soil-enamel and AU-1518 “Universal-Lux” enamel for medium-sized and large parts, which makes it 

possible to place a line of automatic and manual painting by the method spraying. Replacing the existing 

technology with an energy-saving one allows not only to reduce the production area for painting, but also to 

improve the quality and durability of the resulting paintwork. Energy-saving technology was also used in the 

development and implementation of a mechanized line for painting soil-cultivating equipment in Saransk 

(customer JV Gaspardo-RM LLC), in the development of technical proposals for the reconstruction of the 

painting area of Morozovskselmash OJSC (Rostov Region) and Voronezhselmash OJSC ". 

However, it should be noted that the most advanced technologies for painting agricultural machinery are 

technologies with cataphoretic priming and powder painting. The use of these technologies will increase the 

competitiveness of the manufactured agricultural machinery in the world market. The equipment for the 

painting line of tractor cabs using cataphoretic priming followed by painting with melamine-alkyd enamels of 

accelerated drying was developed for the Kharkov Tractor Plant and the Automobile Plant (Elabuga). 

3. CONCLUSION 

The use of powder technology for painting agricultural machinery meets the requirements of environmental 

safety of production, can significantly reduce production areas for painting due to a single-layer application, 

provides a high-quality durable paintwork with high wear resistance and resistance to aggressive environments 

[7-10]. This technology is especially suitable for the coloring of tillage and livestock equipment, as well as 

equipment for the production of feed. The powder coating line was introduced by SPA Lakokraspokrytie at 

JSC BelAgromash-Service for painting large frame structures. A unique mobile complex of equipment for the 

application of powder coatings was created, allowing in tact production to paint large-sized (5350 * 800 * 2500) 

frame structures. All powder coating equipment, including the spray booth, is located on a movable platform 

that fits on rails laid in the concrete floor pit. The platform moves sequentially along the product and allows 

painting the product along its entire length. 

Thus, SPA Lakokraspokrytie has extensive experience not only in the development of modern technologies 

for painting agricultural machinery, but also in the development of modern painting lines, the manufacture of 

complex equipment for surface preparation and painting of this technique. 

At present, SPA Lakokraspokrytie is the only specialized research and production association in Russia for 

the development of equipment and technology for applying liquid paint and varnish materials and powder 

paints. SPA carries out the whole range of works related to the preparation of the surface of products for 

painting, design and manufacture of painting equipment, flow painting lines and their implementation in various 
fields of industry. 
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Abstract 

The article provides an analysis and basic approaches to the choice of paint and varnish coatings and the 

technology of their application. A logical model of the life cycle of a paintwork system is presented. The key 

features of the development of an algorithm for designing a technological line for applying paint and varnish 

coatings are considered, with the possibility of choosing a coating system taking into account the operational, 

technological and economic characteristics of the project. The algorithm developed by the authors was tested 

during the implementation of a project for the development and implementation of a paint-and-lacquer coating 

system to protect metal structures operated in cold (temperature ranges from -60 ̊C to +40 ̊C) and arctic 

climates. 

Keywords: Paint and varnish coatings, paint technologies, corrosion protection, technological line design, 

business process 

1. INTRODUCTION 

The corrosion process causes colossal damage to metal surfaces used in an aggressive environment. 

Currently, 40 - 50 % of metal structures are used in aggressive environments, 30 % in slightly aggressive 

environments and only 10 % do not require corrosion protection. The most common and effective method of 

anti-corrosion protection of metals is paint and varnish coatings, this is due to the durability and aesthetic 

appearance of the painted surface. Paints and varnishes are one of the most important products of the 

chemical industry, as they are in high demand on the market, therefore they have more opportunities for the 

implementation of scientific and technical innovative technologies (paint technologies) [1]. 

The most relevant are the directions for the introduction of innovative technologies in the field of paints and 

varnishes and paints and varnishes, based on the development of environmentally friendly paints and 

varnishes and energy-saving paint and varnish coatings for anticorrosive protection of metal structures. 

To create modern resource-saving, environmentally friendly technological processes of painting, various 

standards are used (GOST 9.104 "Paint coatings. Operating conditions group", GOST 9.032 "Paint coatings. 

Groups, technical requirements and designations"), but the most reliable way to assess the required 

characteristics is used GOST 9.401 “Paint and varnish coatings. General requirements and methods of 

accelerated tests for resistance to climatic factors” [2]. GOST is the fundamental standard for the selection of 

paint and varnish systems for various types of metal products and their operating conditions. The choice of 

paintwork system depends on the operating conditions in accordance with GOST 9.401 [3,4]. The logical model 

for the choice of paint and varnish coatings involved in the design process is presented in Figure 1. 
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Figure 1 Logical model for choosing paint and varnish coatings in accordance with GOST 9.401 

The presented approach allows for a scientifically grounded choice of paint and varnish coatings for metal 

structures. 

2. THEORETICAL ANALYSIS 

The design of chemical plants for the paint and varnish industry is systemic in nature and includes a number 

of basic social-organizational and engineering-technological stages. When developing a working project and 

managing design processes, mathematical modeling, methods for optimizing technological processes and a 

technical and economic analysis of the design decisions are used [4,5]. The project development process 

includes a system of design procedures that solve typical tasks, characterized by specific goals and results, 

initial data and project resources. 

The timing and quality of the project depend on the technical and economic efficiency of the enterprise. To do 

this, in the algorithm for forming a model of a business process, the structure of the organization is considered, 

and the departments involved in the implementation of the project are determined, and organizational and 

technical resources that determine the achievement of the goal of the business process are assessed. 

Project documentation includes all information about the project being implemented, intended for the customer. 

In accordance with the Decree of the Government of the Russian Federation of February 16, 2019, No. 87, 

the "Regulation on the composition of sections of project documentation and requirements for their content" 

was introduced. The organization of a technological process is a systematic work that requires taking into 

account all the necessary indicators of the process. When developing a project, you need to be guided by the 

main documents, since, when drawing up the project documentation, the initial data of the technological project 

are formed. 

The business process of designing a technological line for applying paint and varnish coatings is a sequence 

of operations, from receiving an order for the development of a painting line to creating a project and 

subsequent commissioning [6-8]. The process includes organizational and technological procedures, the 

sequential implementation of which leads to the receipt of a document that has a regulated form of registration, 

which makes it possible to form a business process using logical and mathematical modeling. 
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The technology, organization and management of the chemical-technological system of paint and varnish 

coatings is drawn up in the form of a regulation, the basic data for which can be obtained using the proposed 

algorithm. 

The algorithm for choosing a paint and varnish technology consists of the following stages: 

 assessment of the main criteria for the choice of technology and definition of the variable; 

 analysis of existing technologies and selection of suitable technological solutions; 

 comparative analysis of technologies; 

 choice of technology and determination of its economic efficiency; 

 presentation of results (technological regulations). 

When using a business process model, alternative solutions should be provided, which will improve the design 

efficiency in the event of problems in the implementation of the selected design solution and the need to change 

it [8]. Based on the formation of a technical proposal for the development of a line, technological variables are 

determined that are included in the object of the business process model [6]. In addition to them, it is necessary 

to include variables that characterize the design process itself: 

 deadlines;  

 material design resources; 

 the effectiveness of the use of personnel. 

The context diagram of the design process is proposed, presented in Figure 2. 

 

Figure 2 The business process of designing a paint line 

The business process of designing a paint line includes the following operations: 

 Formation of an array of initial data (characteristics of paints and varnishes). 

 Selection and use of external variable resources in relation to the project (technology of applying paints 

and varnishes, equipment, surface preparation, terms of work, system automation, personnel (manual 

labor or automation). 
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 Technical and economic analysis (formulation of paints and varnishes, raw materials, materials). 

 Design algorithm. 

To manage the process, three indicators must be considered: 

 product indicators (characteristics of paints and varnishes); 

 process indicators (information about design resources); 

 indicators of customer satisfaction of the project (approved project documentation). 

When creating a project, one criterion of the efficiency of the system is selected from these three indicators, 

the rest of the indicators are used as restrictions, but they are necessarily included in this system. 

It is possible to evaluate the project of the painting line by the following results: the costs of design, installation 

and operation of equipment (approximate economic analysis); quality indicators that meet the requirements of 

the project; terms of project implementation. 

2.1. Information resources (technology databases) 

The data and logical and mathematical models used in the creation of the technology for dyeing products come 

from the information base based on the results of queries, which are: obtaining information about paints and 

varnishes and their manufacturers; selection of paints and varnishes in terms of appearance, operating 

conditions, durability, physicochemical and physicomechanical properties; selection of a coating system and 

technology for its production; search for a standard design solution in the project archive. 

2.2. Permanent external resources (energy, ecology) 

Energy resources and environmental requirements, as external resources in the organization of the process, 

are used as constraints, but they are necessarily included in this system. As restrictions are used such factors 

as: the location of production, cleaning or processing of raw materials, as well as available to the enterprise 

energy capacity [9]. 

2.3. Regulatory documentation (standards, GOST, certificates) 

The development of a technological project is carried out in accordance with the requirements of legislative 

and regulatory documents. 

2.4. Technological regulations for coating 

The technological regulations contain a description of the finished product in accordance with the requirements 

of Russian or international standards and the production technology with a high degree of detailing of 

production operations, the order of their execution, as well as permissible changes in the main technological 

parameters and characteristics. The use of the proposed algorithm contributes to the achievement of optimal 

technical and economic indicators of production and increases the competitiveness of the project being 

developed. 

The business process implementation algorithm consists of three stages: 

 development of a technological scheme; 

 technique - economic analysis of the scheme; 

 technological regulations. 

At the first stage of the business process, the choice of painting technology and selection of equipment takes 

place; to select the technological process for painting the product, it is necessary to determine the coating 

material [10], the coating system and the sequence of operations of the technological process of painting. 

When choosing the necessary data, information resources are used in the form of a database. Based on the 
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resource analyzes of the design process, standard paint line projects are defined or new ones are created. 

Choosing a system of paint and varnish coatings, it is necessary to set the operating conditions in accordance 

with GOST 9.401. 

For the selected paintwork system, the material balance is calculated, and the values of all material resources 

are determined. Based on the results of the stage, a technical task is formed. 

At the second stage, the technological solution obtained at the first stage is formed, economic models are 

calculated, inefficient resources are changed, the fulfillment of technological, organizational and operational 

restrictions is checked and the final version of the scheme with its indicators is formed. An economic analysis 

of the line is necessary to assess the effectiveness of the decisions made, including a cost-benefit analysis, 

the calculation of the cost of modernization and reengineering measures, and an assessment of innovative 

programs. 

The third stage of the design algorithm is implemented only for one technological scheme, as a result of which 

the sections of the technological regulation are formed, including the characteristics of the technological 

process. 

Returning to the previous stages of the design process is possible to correct technological characteristics in 

case of inconsistencies in indicators when calculating the material balance or choosing structural elements of 

equipment, or choosing an alternative technological scheme at the second stage of the algorithm. 

It should be noted that the structural analysis of design resources at all stages of project development reduces 

the likelihood of returning to previous stages, and in case of return, quickly find a way out of the problem due 

to the availability of alternative design solutions. 

The developed algorithm for designing a technological line for applying paint and varnish coatings is used to 

organize and implement the technological process of painting metal structures, which are operated, including 

in the arctic climate, allows for an economic analysis of the project and create a technological scheme. 

3. ALGORITHM APPLICATION RESULTS 

The algorithm is actively used by the scientific and design departments, the design bureau, the machine-

building plant, which are part of the SPA Lakokraspokrytie (Khotkovo). 

The algorithm was applied in the implementation of contracts of SPA Lakokraspokrytie on the development of 

industrial paints and varnishes for painting electric motors and technology for their application. The technology 

of coloring electric motors allows to unify the technological process of coloring various types of electric motor 

parts for different climatic versions of the product. The dyeing technology made it possible to organize the 

dyeing of up to 20 thousand electric motors (or 40 thousand m2) per month on a productive area of 72 × 18 m 

with minimal energy consumption, and ensured the production of high-quality paintwork with a long service 

life. 

4. CONCLUSION 

The algorithm for designing a technological line for applying paint and varnish coatings, developed by a team 

of authors, is applied at SPA Lakokraspokrytie. Integration of the algorithm into the design process of new 

painting booths and reengineering of existing ones allowed the company to significantly increase its income, 

reduce time and resource costs. 
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Abstract 

The friction and wear behavior of cold-work tool steel materials is a subject of interest to researchers and 

tribologists. Both friction and wear are the key factors affecting the life of a tool. This study investigates the 

abrasive wear performance of Vanadis 6 material against the sintered alumina (Al2O3) counterpart. The friction 

and wear tests were performed on a pin on disk tribometer at room temperature. The design of experiment 

approach based on the Taguchi methodology was used for experimentation and Taguchi’s L18 orthogonal 

array was used based on the mixed levels (2^1 3^3) of the control factors viz., tempering temperature, subzero 

temperature, sliding velocity, and load. Further, the ANOVA technique was used to identify the significant 

factors and their contribution to the tribological performance of Vanadis 6. It is evident that the load is the most 

significant parameter that affects both the mean friction coefficient and wear rate followed by tempering 

temperature. Taguchi analysis revealed that using a tempering temperature of 170 °C, the subzero 

temperature of -140 °C, the sliding velocity of 18.85 cm/s, and 10N normal load gives the optimum setting for 

the mean coefficient of friction and a tempering temperature of 170 °C, sub-zero temperature of -140 °C, sliding 

velocity of 6.4 cm/s, and 1 N normal load gives the optimum setting for wear rate. 

Keywords: Vanadis 6 steel, sub-zero treatment, taguchi method, dry sliding wear test, analysis              

of variance 

1. INTRODUCTION 

Vanadis 6, Cr-V tool steel is a special wear resistance steel manufactured by powder metallurgy (PM) route. 

Due to its superior wear resistance and compressive strength, it is popular in cold-work applications [1]. The 

main alloying elements of Vanadis 6 are chromium and vanadium. Chromium produces less stable carbides 

whereas vanadium forms very stable MC-carbides. Due to the small size and high thermal stability of these 

MC-carbides Vanadis 6 steel is resistant to grain coarsening during austenitization and yields favorable 

mechanical properties after the heat-treatment [2]. 

The sub-zero treatment (SZT) is an add-on process to conventional heat treatment (CHT) of Cr-V ledeburitic 

tool steels. In this process, the material is immersed into suitable cryogenic media immediately after the 

quenching, for a suitable time and re-heated to room temperature followed by a tempering process [3]. Many 

researchers have studied the effects of SZTs on the performance of AISI D2 [4-6], AISI D3 [7], and AISI D6 

[8] chromium ledeburitic steels, and reported significant improvements of wear performance over conventional 
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heat treatment. Sobotova et al. [9] investigated the wear performance of SZT Cr-V ledeburitic steel after 

tempering at the maximum secondary hardness temperature and found that the wear performance was 

improved. Jurci et al. [10] studied the hardness response at different sub-zero temperatures for instance, -140, 

-196, and -269 °C including both low and high tempering temperatures and reported significant hardness 

improvement for SZT at -140 °C in contrast with other SZTs. Although the tribological performance of cold-

work tool steels have been investigated and reported, yet optimization of wear performance of Cr-V tool steel 

with different factors has not been reported. Having said that, this study investigates the wear behavior of 

Vanadis 6 against alumina counterpart (Al2O3) considering effective factors such as sub-zero temperature, 

tempering temperature, load, and sliding velocity. 

This investigation uses the Taguchi approach to optimize the friction coefficient and wear. Further, statistical 

methods were implemented to study the contributions of selected controlled factors on the friction and wear 

properties.  

2. METHODOLOGY OF RESEARCH 

2.1. Material and processing 

PM ledeburitic steel Vanadis 6 was used in this experimental study with nominal composition of (in wt.%) 

2.1 %C, 1.0 %Si, 0.4 %Mn, 6.8 %Cr, 1.5 %Mo, 5.4 %V and Fe as balance. The steel was delivered in soft 

annealed condition, with a hardness of 284 HV10. 

Plate-like samples with dimensions of 30 x 30 x 6 mm were machined, fine grinded and finished up to the 

surface roughness of Ra = 0.04 μm. After that, they were subjected to various regimes of heat treatment, 

Table 1. Conventional heat treatment (CHT) comprised the heating up to the austenitizing temperature 

(1050 °C) in a vacuum furnace, holding at the final temperature for 30 min. and nitrogen gas quenching (5 bar 

pressure). After that the samples were divided into three batches, and were moved to cryogenic system where 

they were cooled down to pre-determined sub-zero treatment temperature (-75, -140, and -196 °C), at the 

cooling rate of 1 °C/min., stored there for 17 hrs, and then re-heated to the room temperature. After that, they 

were tempered. Tempering treatment consisted of two cycles, each of them carried out for 2 hrs. After the 

tempering, the material was air-cooled. Finally, all the specimens were polished up to the mirror finish, by a 

set of abrasive papers (in grit order 180, 320, 600 and 1200), and polished with 9, 6, and 3 μm diamond 

suspension. 

Table 1 Heat treatment regimens of experimental material  

Sample identification 
Sub-zero temperature 

(°C) 
Tempering temperature 

(°C) 

W1 -75 170 

P1 -140 170 

H2 -196 170 

W16 -75 530 

P16 -140 530 

H12 -196 530 

2.2. Hardness tests 

The hardness measurements were carried out using Vickers hardness tester according to ASTM E384-17. 

Each hardness test was done 5 times and the mean of the obtained hardness values was taken. The average 

hardness values and standard deviations are shown in Table 2. 
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Table 2 Measured hardness values of experimental material  

Sample identification Avg. HV10 Std. Dev 

W1 910 3 

P1 905 9 

H2 913 4 

W16 743 3 

P16 729 6 

H12 723 4 

2.3. Wear testing 

Dry sliding wear tests have been performed with a CSM pin-on-disc tribometer, according to ASTM standard 

G99-17 [11]. Sintered alumina (Al2O3) balls with a diameter of 6 mm having the microhardness of 2450 HV0.1 

is used as counterpart. The normal applied load was taken as 1, 5, and 10N. The tests were carried out at 

different linear speeds of 6.4 cm/s, 12.8 cm/s, and 18.85 cm/s, up to a total sliding distance of 100 m, at room 

temperature (24 °C).  

Wear track width measurements were performed on Olympus DSX 1000 digital light microscope, at standard 

magnification of 50x. Twelve measurements were made on each track, and the mean values were then 

calculated. These values were used for further assessment in wear volume calculations. The wear volume (Vl) 

of samples was calculated from the width of the wear tracks using the Equation 1 [11]: 

EF � 2GH I 	J
�KLM N

J�OP ( Q
R √46# ( 5#             (1) 

where R is the wear track radius, d is the mean value of wear track width, and r is the radius of the ball 

counterpart. Wear rate (WR) was then calculated using classical Archard Law of Wear which can be expressed 

as in the Equation 2 [8]: 

SR � U �N
HV               (2) 

where WR is wear rate (in mm3/m), K is the wear coefficient, FN is the normal load (in newtons), and HV is the 

hardness value of the softer of the materials in contact. According to the Equation 2, the wear rate should 

decrease with increasing the bulk hardness of the specimens. The results in the current study show general 

trend of decreasing WR with increasing bulk hardness of the specimens. 

2.4. Design of experiments 

Taguchi design is a very popular tool for process parameter optimization under limited number of experimental 

runs. The number of experiments will be increased when the number of factors and levels increases. Hence, 

Taguchi technique uses a special level of significance at 95 % through design of orthogonal arrays, to study 

the process variations under minimum experiments in order to save time, money, and resources instead of 

performing all possible combinations of experiments. Taguchi method uses a statistical approach called signal-

to-noise ratio which takes consideration of both mean and the variability to optimize the process settings. For 

optimization the quality characteristics of nominal is best (NB), lower the better (LB) and higher the better (HB) 

were applied in Taguchi method [12]. In this current study up on identifying the control factors, and their levels 

shown in (Table 3), then the L18 (2^1 3^3) orthogonal array is used for conducting the experiments. 
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Table 3 Factors and their levels for wear test  

Level 
Tempering temp 

(°C) 
Sub-zero temp 

(°C) 
Sliding velocity 

(cm/s) 
Load 
(N) 

1 170 -75 6.4 1 

2 530 -140 12.8 5 

3  -196 18.85 10 

3. RESULTS AND DISCUSSION 

The wear tests were done according to the Taguchi’s L18 (2^1 3^3) array, and the experimental values of 

average friction coefficient and specific wear rate and their corresponding S/N ratios based upon lower the 

better-quality characteristic are given in (Table 4). The analysis was carried out in Minitab 19 software.  

Table 4 L18 orthogonal array with average coefficient of friction, wear rate, and S/N ratios  

Run 
TT 

(°C) 
SZT 
(°C) 

Sv 
(cm/s) 

L 
(N) 

CoF 
S/N ratio 

(db) 
WR 

(mm3/m) 
S/N ratio 

(db) 

1 170 -75 6.4 1 0.820 1.724 0.472 6.521 

2 170 -75 12.8 5 0.712 2.950 0.967 0.293 

3 170 -75 18.85 10 0.637 3.917 2.014 -6.081 

4 170 -140 6.4 1 0.833 1.587 0.278 11.121 

5 170 -140 12.8 5 0.713 2.938 1.063 -0.532 

6 170 -140 18.85 10 0.613 4.251 1.579 -3.965 

7 170 -196 6.4 5 0.696 3.148 0.330 9.621 

8 170 -196 12.8 10 0.660 3.609 1.902 -5.585 

9 170 -196 18.85 1 0.770 2.270 0.463 6.689 

10 530 -75 6.4 10 0.753 2.464 2.972 -9.462 

11 530 -75 12.8 1 0.840 1.514 0.553 5.145 

12 530 -75 18.85 5 0.748 2.522 1.476 -3.379 

13 530 -140 6.4 5 0.708 2.999 1.186 -1.483 

14 530 -140 12.8 10 0.749 2.510 3.224 -10.168 

15 530 -140 18.85 1 0.776 2.203 0.363 8.798 

16 530 -196 6.4 10 0.776 2.203 3.226 -10.175 

17 530 -196 12.8 1 0.815 1.777 0.445 7.042 

18 530 -196 18.85 5 0.696 3.148 1.713 -4.677 

TT: tempering temperature; SZT: sub-zero temperature; Sv: sliding velocity; L: Load; CoF: coefficient of 

friction; WR: wear rate 

3.1. S/N ratio analysis 

The response table for average friction coefficient and specific wear rate is presented in Table 5, and Table 6. 

To obtain better performance, the setting for optimum control factors can be attained by taking the highest 

values of S/N ratios. In Table 5 and Table 6 values in bold represent the largest values of S/N ratios. From 

Table 5 it is observed that the grouping of factors; Tempering temperature: 170 °C (level 1), Sub-zero 

temperature: -140 °C (level 2), Sliding velocity: 18.85 cm/s (level 3), and Load: 10N (level 3) gives minimum 

average friction coefficient, and from (Table 6), it can be perceived that the grouping of factors; Tempering 

temperature: 170 °C (level 1), Sub-zero temperature: -140 °C (level 2), Sliding velocity: 6.4 cm/s (level 1), and 
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Load: 1N (level 1) gives minimum wear rate. Moreover, from (Table 5) it is perceived that load is the most 

important parameter that affects the friction coefficient followed by sliding velocity, tempering temperature, and 

sub-zero temperature. Further, from (Table 6) it can also be perceived that load is the most important 

parameter that affects the wear rate followed by tempering temperature, sub-zero temperature, and sliding 

velocity. 

Table 5 Response table for S/N ratios of average coefficient of friction (Smaller is better)  

Level 
Tempering temp 

(°C) 
Sub-zero temp 

(°C) 
Sliding velocity 

(cm/s) 
Load 
(N) 

1 2.933 2.692 2.354 1.846 

2 2.371 2.748 2.550 2.951 

3  2.515 3.052 3.159 

Delta 0.562 0.233 0.698 1.313 

Rank 3 4 2 1 

Table 6 Response table for S/N ratios of wear rate (Smaller is better)  

Level 
Tempering temp 

(°C) 
Sub-zero temp 

(°C) 
Sliding velocity 

(cm/s) 
Load 
(N) 

1 2.009 0.485 1.024 7.552 

2 -2.040 0.628 -0.634 -0.026 

3  -1.160 -0.435 -7.572 

Delta 4.049 1.788 1.658 15.125 

Rank 2 3 4 1 

3.2. Analysis of variance (ANOVA) 

ANOVA is a statistical analysis performed along with the Taguchi technique to identify the significant factors 

and their influence on the response parameter. The percentage contribution of each input parameter on the 

output response can be estimated by ANOVA. ANOVA analysis was executed at 95 % confidence level and 

at a 5 % significance level [12]. The results of ANOVA test for average friction coefficient, and specific wear 

rate are shown in (Table 7 and Table 8). From Table 7 it is evident that the load is the most significant factor 

influencing the average friction coefficient. The percentage contribution of load towards friction coefficient is 

56.75 % followed by sliding velocity (14.75 %), and tempering temperature (13.47 %). From Table 8 it is 

conclusive that the load is the most significant factor to specific wear rate. The percentage contribution of load 

towards specific wear rate is (78.60 %) followed by tempering temperature (8.45 %). 

Table 7 Analysis of Variance for S/N Ratios for average coefficient of friction  

Source DF Seq SS Adj SS Adj MS F P %C 

TT 1 1.419 1.419 1.419 10.10 0.010 13.47 

SZT 2 0.177 0.177 0.088 0.63 0.552 1.68 

SV 2 1.553 1.553 0.776 5.53 0.024 14.75 

L 2 5.978 5.978 2.989 21.27 0.000 56.75 

Residual Error 10 1.405 1.405 0.140    

Total 17 10.533      

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; Adj MS: 

adjusted mean squares; C: % contribution 
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Table 8 Analysis of Variance for S/N Ratios for wear rate  

Source DF Seq SS Adj SS Adj MS F P %C 

TT 1 73.775 73.775 73.775 8.08 0.017 8.45 

SZT 2 11.862 11.862 5.931 0.65 0.543 1.36 

SV 2 9.843 9.843 4.922 0.54 0.600 1.13 

L 2 686.335 686.335 343.167 37.56 0.000 78.60 

Residual Error 10 91.362 91.362 9.136    

Total 17 873.176      

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; Adj MS: 

adjusted mean squares; C: % contribution 

3.3. Taguchi confirmation experiment 

Also, Taguchi confirmation tests are performed to validate the experimental results and to evaluate the 

accuracy of the analysis. The comparison of the Taguchi prediction values and the actual experimental values 

are shown in (Table 9). 

Table 9 Confirmation experiments  

Response 
TT 

(°C) 
SZT 
(°C) 

SV 
(cm/s) 

L 
(N) 

Prediction Experiment % Error 

CoF 170 -140 18.85 10 3.935 4.250 7 

WR 170 -140 6.4 1 11.260 11.120 1 

Error values less than 20 % are considered as reliable for confirming the model confidence [13]. It can be 

observed that for both average friction coefficient and specific wear rate the error values are less than 20 %, 

hence from Taguchi approach the results are in good agreement with both experimental and analytical 

methods. 

4. CONCLUSION 

Taguchi design of experiment technique is successfully utilized to analyse and optimize the friction coefficient 

and wear rate of PM Vanadis 6 steel. The following conclusions can be drawn from the above analysis. 

 For mean friction coefficient, the optimum settings are: tempering temperature (170 °C), sub-zero 

temperature (-140 °C), sliding velocity (18.85 cm/s), and normal load (10 N). 

 Load (56.75 %) is the main significant factor for mean friction coefficient which is having highest 

contribution, followed by sliding velocity (14.75 %), and tempering temperature (13.47 %). 

 For wear rate, the optimum settings are: tempering temperature (170 °C), sub-zero temperature 
(-140 °C), sliding velocity (6.4 cm/s), and normal load (1 N). 

 Load (78.60 %) is also the main significant factor for wear rate which is having highest contribution, 

followed by tempering temperature (8.45 %). 

REFERENCES 

[1]  JURČI, P., DOMÁNKOVÁ, M., HUDÁKOVÁ, M., PTAČINOVÁ, J., PAŠÁK, M., PALČEK, P. Characterization of 
microstructure and tempering response of conventionally quenched, short- and long-time sub-zero treated PM 

Vanadis 6 ledeburitic tool steel. Materials Characterization. 2017, vol. 134, pp. 398-415. 

[2]  JURČI, P. Cr-V ledeburitic cold-work tool steels. Materiali in Tehnologije. 2011, vol. 45, pp. 383-394. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

696 

[3]  BÍLEK, P., SOBOTOVÁ, J., JURČI, P. Evaluation of the microstructural changes in Cr-V ledeburitic tool steels 

depending on the austenitization temperature. Materiali in Tehnologije. 2011, vol. 45, pp. 489-493. 

[4]  DAS, D., DUTTA, A. K., RAY, K. K. Influence of varied cryotreatment on the wear behavior of AISI D2 steel. 

Wear. 2009, vol. 266, pp. 297-309. 

[5]  AKHBARIZADEH, A., JAVADPOUR, S., AMINI, K. Investigating the effect of electric current flow on the wear 

behavior of 1.2080 tool steel during the deep cryogenic heat treatment. Materials & Design. 2013, vol. 45, pp. 
103-109. 

[6]  DAS, D., DUTTA, A. K., RAY, K. K. Optimization of the duration of cryogenic processing to maximize wear 
resistance of AISI D2 steel. Cryogenics. 2009, vol. 49, pp. 176-184. 

[7]  MENG, F., TAGASHIRA, K., AZUMA, R., SOHMA, H. Role of eta-carbide precipitations in the wear resistance 
improvements of Fe-12Cr-Mo-V-1.4C tool steel by cryogenic treatment. ISIJ International. 1994, vol. 34, pp. 205-

210. 

[8]  DAS, D., DUTTA, A. K., RAY, K. K. Sub-zero treatments of AISI D2 steel: part II. wear behavior. Material Science 

and Engineering: A. 2010, vol. 527, pp. 2194-2206. 

[9]  SOBOTOVÁ, J., JURČI, P., DLOUHY, I. The effect of subzero treatment on microstructure, fracture toughness, 

and wear resistance of Vanadis 6 tool steel. Material Science and Engineering: A. 2016, vol. 652, pp.192-204. 

[10]  JURČI, P., DLOUHÝ, I., PRIKNEROVÁ, P., MRŠTNÝ, Z. Effect of sub-zero treatment temperatures on hardness, 

flexural strength, and fracture toughness of Vanadis 6 ledeburitic die steel. Metals. 2018, vol. 8, pp. 1047. 

[11]  ASTM G99-17. Standard test method for wear testing with a pin-on-disk apparatus. West Conshohocken, PA, 

USA: ASTM International, 2017. 

[12]  DATTA, S., BANDYOPADHYAY, A., PAL, P. K. Grey-based taguchi method for optimization of bead geometry in 

submerged arc bead-on-plate welding. The International Journal of Advanced Manufacturing Technology. 2008, 
vol. 39, pp. 1136-1143. 

[13]  PRAJAPATI, P. K., KUMAR, S., SINGH, K. K. Optimization of tribological behaviour of CFRP composites under 
dry sliding condition using taguchi method. Materials Today: Proceedings. 2020, vol. 21, pp. 1320-1329. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

697 

DETERMINATION OF CONDITIONS FOR EVALUATING FRICTION-WEAR PROPERTIES OF 

COATINGS 

Huu Chien NGUYEN, Emil SVOBODA, Jiří PROCHAZKA, Tomáš DRAŽAN, Jakub HORNÍČEK, 
Dang Long LE 

UNOB - University of Defence in Brno, Brno, Czech Republic, EU,                              

huuchien.nguyen@unob.cz 

https://doi.org/10.37904/metal.2021.4168 

Abstract 

This study was conducted to investigate the determination of the conditions for evaluation friction-wear 

properties of the thin layers and coatings on structural 16MnCr5 steel. The AlCrVN coatings with the thickness 

of 2.0 µm were generated on the un-nitrided and nitrided materials under the same conditions. The friction-

wear properties of the layers and coatings were evaluated by the ball-on-flat method on The Universal 

Mechanical Tester 3 (UMT-3) with different test forces. The obtained results showed that the friction-wear 

properties of AlCrVN-coated materials changed markedly when the force reaches a certain value. The most 

suitable conditions for evaluating the properties of thin hard coatings have been determined. 

Keywords: Plasma nitriding, AlCrVN coating, duplex coating, friction-wear properties, ball-on-flat test 

1. INTRODUCTION 

It has been reported that the duplex coatings composed nitrided layers and thin hard coatings improved 

markedly mechanical, friction-wear properties of steels [1], [2]. The plasma nitriding technology was mostly 

used primarily to increasing of surface hardness, wear resistance, corrosion resistance and fatigue strength 

[3], [4], [5], [6], [7], [8]. Nitrided layers formed by plasma nitriding improved adhesion and wear resistance of 

the thin hard coatings [9]. The AlCrVN coating have been investigated in many studies to improve the friction-

wear properties of materials [9], [10]. The AlCrVN coatings exhibited low friction coefficient of 0.2 and good 

wear resistance at high temperature (700 oC) [10]. 

The ball-on-disc and ball-on-flat methods are the most common laboratory methods for evaluating the 

tribological properties of materials, especially the evaluation of adhesive, abrasive wear [11], [12], [13]. The 

advantages of the ball-on-flat method over the ball-on-disc method are the simplicity of test specimen 

preparation and the accurately of wear evaluation. Due to the limited adhesion of the thin hard coatings to the 

substrate, the coating could be delaminating damaged under high stress during the test. In this case, the 

results of the experiments do not correctly reflect the friction-wear properties of the coatings. Therefore, it is 

important to determine appropriate test conditions, in particular the load when evaluating the tribological 

properties of layers and coatings using the ball-on-flat method. 

This study was conducted to determine of the conditions for evaluation friction-wear properties of the thin 

compound layer and AlCrVN coatings. As the substrate, DIN 16MnCr5 structural steel, which was widely used 

for higher stressed components production, such as gears, shafts, crankshafts, connecting rods, camshafts, 

etc., was selected. The AlCrVN coatings were coated on both un-nitrided and nitrided substrates under the 

same conditions. Friction-wear tests were conducted on the UMT-3 tribometer with different test forces for 

evaluating friction-wear properties of the materials. The profiles of the wear track cross sections were obtained 

by Talysurf CLI 1000 stylus profilometer using absolute inductive position sensor. 
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2. MATERIALS AND EXPERIMENTAL PROCEDURES 

2.1. Materials 

Chemical composition of the 16MnCr5 structural steel used in this study was evaluated by spark emission 

equipment Q4 TASMAN. The measurement chemical composition of steel was performed five times and the 

averages are showed in (Table 1). 

Table 1 16MnCr5 structural steel chemical composition [%]  

Elements C Mn Si Cr P S 

EN 10084-2008 
max. 0.19 1.40 0.37 1.10 0.035 0.035 

min. 0.14 1.10 0.17 0.80 - - 

Measured 
0.18            

± 0.01 
1.10           

± 0.05 
0.35           

± 0.02 
1.10           

± 0.01 
0.023          

± 0.005 
0.01         

± 0.005 

The specimens used in the experiment are disc-shaped in diameter of 

6.5 cm and a thickness of 5 mm. The surface of the samples was wet 

grinded by Struers LaboPol-60 grinder to obtain the same surface 

roughness Ra (0.09 µm) in order to eliminate the effect of roughness 

on the friction-wear properties. For grinding, the Silicon Carbide 

Grinding papers grit 120, 220, 800, 1200 were used. The 

metallographic test sections of the specimens were polished to mirror 

surfaces using Leco CAMEO Disc Platium 1, 2, 3, 4 and diamond 

polishing paste with grain size 1 µm by Leco PX-500 Grinder/Polisher.  

 

Figure 1 Feature of samples 

Four types of materials were prepared for this study. The untreated material, plasma-nitrided material are 

called UN, PN materials, respectively. The AlCrVN coating to untreated material was performed and this 

AlCrVN-coated material is called AlCrVN material (AlCrVN coating). Hereafter, the AlCrVN coating to nitrided 

material was carried out. This hybrid-surface-treated material is called PN/AlCrVN material (AlCrVN duplex 

coating). 

Plasma nitriding process was carried out in the PN 60/60 Rübig equipment at a temperature of 470 °C for 4 h 

in a 280 Pa gas mixture of H2 flow 8 l/min and N2 flow 24 l/min. The AlCrVN coating were performed in the 

company LISS using cathodic-arc deposition method.  

2.2. Experiment procedures 

The surface roughness parameter Ra was measured by a profilometer Talysurf CLI 1000. Ra is widely used 

because the surface roughness assessment according to Ra is relatively inexpensive [14].  

After polishing to mirror surfaces, the test cross sections were etched by 2 % Nital etchant (a solution of ethanol 

and nitric acid). The microstructure of the nitrided layer and the feature of AlCrVN coatings were observed on 

the cross sections of the disc specimens by Olympus DSX500i opto-digital microscope. The thickness of the 

AlCrVN coatings was measured on the cross sections using optical method by Olympus LEXT 3000 laser 

confocal microscope. The microhardness profile of the nitrided layer was obtained in the range from the surface 

to depth of 0.5 mm on the polished cross section of PN material with the load of 0.981 N by Vickers method 

on the LECO LM247/AT Microhardness Tester. Based on the results of the microhardness test, the thickness 

of the nitrided layer was determined according to DIN 50 190-3 [15].  

The friction-wear properties of the materials were evaluated using the linearly reciprocating ball-on-flat sliding 

wear test on Bruker UMT-3 tester. To obtain stable results, Tungsten carbide balls with the hardness of 1800 

HV10 were used as the opposite material. The conditions of the test are showed in (Table 2). 
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Table 2 Conditions of the friction-wear tests [12] 

Parameter 
Ball diameter 

(mm) 
Stroke length 

(mm) 
Oscillating 

frequency (Hz) 
Test duration 

(s) 
Ambient 

temperature (°C) 
Relative 

humidity (%) 
Lubrication 

Value 6.35 10 5 1000 22 ± 0.5 40 - 60 None 

The above test parameters were remained stable to eliminate the effect of these parameters on the friction-

wear properties of materials for all friction-wear tests. The friction-wear tests were performed with different test 

forces to select the most suitable force to evaluate the tribological properties of layers and coatings. The test 

forces of friction-wear test were 5 N, 10 N, 12 N, 20 N and 25 N. 

The cross-sectional profiles of the wear track were evaluated using stylus profilometer Talysurf CLI 1000 with 

the absolute inductive sensor at eleven locations equally spaced along its length. From the recorded data, the 

mean cross-sectional profiles were obtained. The track cross-sectional area and track maximal cross-sectional 

depth (wear depth) were determined using the Talymap Platium software. The total volume of material 

removed during sliding (the wear volume) was computed from the track cross-section area and the length of 

stroke [11]. 

3. RESULTS 

3.1. Microstructure and hardness profile 

Figure 2 shows the features of the nitrided layer and the PN/AlCrVN duplex coating. Figure 3 shows the 

microhardness profile of the nitrided layer.  

According to the results of the measuring by laser confocal microscope, the thickness of the AlCrVN coatings 

was 2.0 ± 0.1 µm. As showed in (Figure 2), a compound layer with thickness 2 ± 0.5 µm was generated on 

surface of PN material. The thickness of the nitrided layer was 185 µm, as can be understood from (Figure 3). 

   
a) b)  

Figure 2 Features of a) nitrided layer, b) PN/AlCrVN  

duplex coating  

Figure 3 Hardness profile measured  

on cross section of PN material 

3.2. Friction-wear properties 

Figure 4 shows the relationship between the test time and the friction coefficients at test force of 5 N. Figure 5 

shows the relationship between the test time and the friction coefficients, the features of the wear tracks, the 

mean cross-sectional profiles of the wear track for other test force. Figure 6 shows the wear volumes and 

wear depth of materials at different test forces.  

At a test force of 5 N, there was no sharp change in the friction coefficients after the running-in period. The 

friction coefficients of all materials fluctuated slightly. 
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With a test force of 5N, the wear amount of the samples is very small. Therefore, it was so hard to accurately 

evaluate the wear volume and wear depth of materials, especially for the PN and PN/AlCrVN material. 

 As can be understood from (Figure 5), the 

relationship between the time test and the 

friction coefficients at a test force of 10 N were 

almost similar that at test force of 5 N for all 

materials. The wear volume of the PN/AlCrVN 

material was the lowest (Figure 6a). The wear 

volume of the PN material was lower than the 

value of the AlCrVN. The wear volume of the UN 

material was highest. During the test, there were 

not failures of coatings for all AlCrVN-coated 

materials (Figure 5). 

 

 
 

Figure 4 Relationship between test time and friction 

coefficients at 5 N 

 

Figure 5 Relationship between time test and friction coefficients; features and mean cross-sectional profiles 

of wear tracks 
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The friction-wear properties of each material at a test forces of 12 N and 20 N were similar. At a test force of 

12 N, from the test time of 300 s, the friction coefficients of the AlCrVN material started decreasing because 

the AlCrVN coating was gradually damaged and wear proceeded to the substrate. At a test force of 20 N, from 

the test time of 50 s, the friction coefficients of the AlCrVN material dropped because the AlCrVN coating was 

markedly damaged. In contrast, there were not failure of the AlCrVN coating on PN/AlCrVN material. At a test 

force of 12 N and 20 N the wear volume of the AlCrVN material was higher than that of the UN material due 

to the damage of the AlCrVN coating. The wear volume of the UN material was markedly higher than the value 

of PN material. The wear volume of the PN/AlCrVN was lowest (Figure 6a).  

  

Figure 6 a) Wear volume, b) wear depth at different test forces 

At a test force of 25 N, the friction coefficients started dropping from test time of 50 s for AlCrVN material and 

from 30 s for PN/AlCrVN material due to marked damage of the AlCrVN coatings and wear proceeded to the 

substrate. The friction coefficients of PN material markedly fluctuated in interval (180-330) s because the 

compound layer was gradually damaged. The wear volumes of the AlCrVN-coated materials were higher than 

the value of the UN material; however, the wear volume of the PN material was lower (Figure 6a).  

For the test forces above 10 N, there occur upward peaks in the friction coefficient curve after the running-in 

period for UN material. These changes of the friction coefficient were caused by the changes of properties 

wear debris layer formed on the worn substrate [16], [17]. The chemical composition of the wear debris layers 

can be evaluated using the method energy dispersive X-ray spectroscopy (EDX) on the transmission electron 

microscope [18]. 

As can be understood from (Figure 6), with the increasing test force the wear volume and wear depth has 

increased. The wear volume of AlCrVN material increased dramatically with the increasing test force from 10 

N to 12 N and from 20 N to 25 N. However, the wear volume of PN/AlCrVN material and PN material increased 

dramatically only with the increasing test force from 20 N to 25 N. This kind of increasing in wear volume with 

increasing test force did not occur for UN material. 

At test forces above 10 N for AlCrVN material and above 20 N for PN/AlCrVN material, the wear depth was 

greater than the AlCrVN coating thickness. At test forces above 20 N for PN material, the wear depth was 

greater than the compound layer thickness. This means that, after the layers had been damaged, the wear 

proceeded to the substrate for AlCrVN-coated materials. After damaged compound layer, the wear proceeded 

to the diffusion layer for PN material (Figure 5). With damaging of coatings, small pieces of the coating were 

peeled off and formed hard particles. These particles acted in the frictional process as the abrasive particles 

between the specimen surfaces. Hence, after damaged coating, the wear speed of the AlCrVN-coated 

materials increased markedly. The wear volume of AlCrVN-coated materials was much greater than the un-

treated material (Figure 6). In this case, the obtained result cannot be used to evaluate the friction-wear 

properties of the AlCrVN coatings. 
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From the obtained results, the test force of 5 N is unsuitable (too low) to evaluate the friction-wear properties 

of AlCrVN coatings. The test force of 12 N, 20 N and 20 N were unsuitable (too high) to evaluate the friction-

wear properties of the AlCrVN coating. However, the test force of 12 N and 20 N can be used to evaluate the 

friction-wear properties of nitrided layer and AlCrVN duplex coating. The test force of 25 N was unsuitable (too 

high) to evaluate the friction-wear properties of the nitrided layer and AlCrVN coatings. To reduce the test time 

while ensuring the wear is large enough, the most suitable test force is the largest of the forces that can be 

used. The most suitable test force to evaluated friction-wear properties for AlCrVN material and for PN/AlCrVN, 

PN material was 10 N and 20 N, respectively.  

At a test force of 10 N after a test duration of 1000 s, the wear volume of the nitrided layer and the duplex 

coating reached very small values (Figure. 6). Due to the small wear volume, the results of experiments cannot 

clearly show the influence of selected technologies on the wear properties of the steel. Furthermore, with a 

small wear depth, it was hard to evaluate accurately wear due to the effect of surface roughness. 

Under certain test conditions, the wear volume can be increased by extending the test duration. However, the 

test duration should be chosen so that the wear does not exceed all of the coating. For the AlCrVN material, 

the wear depth was 0.6 µm for test duration 1000 s. Under the same conditions, the additional friction-wear 

test with a test duration of 2000 s was performed, in which an increase in the wear depth by 1.2 µm to 

approximately 2 µm can be expected. Figure 7 shows the features of the wear tracks and the mean profiles 

of the wear track cross sections for test force of 10 N, test duration of 2000 s. 

 

Figure 7 Features and mean cross-sectional profiles of wear tracks at test force of 10 N, test duration  

of 2000 s 

Table 3 Wear volume and wear depth at test duration of 1000s, 2000 s (test force of 10 N) 

Test duration (s) 1000 2000 

Material UN PN AlCrVN PN/AlCrVN UN PN AlCrVN PN/AlCrVN 

Wear volume × 10-4 (mm3) 62 5 10 4 90 19 47 14 

Wear depth (µm) 2.8 0.2 0.6 0.2 3.5 0.7 2.6 0.6 

As can be understood from (Table 3), the wear depth of AlCrVN material was higher than the coating thickness. 

However, the coating AlCrVN only was worn through in the small area of wear track (Figure 7). The wear 

volume of nitrided and AlCrVN-coated materials increased from 3.5 to 4.5 times. The wear depth of PN material 

and AlCrVN-coated materials increased from three to four times. The test duration of 2000 s was more suitable 

than that of 1000 s to evaluate wear properties of nitrided layer and AlCrVN coatings.  

The obtained results suggested that, the test force of 10 N and the test duration of 2000s was most suitable 

to evaluate the friction-wear properties for all coatings and layers on 16MnCr5 steel using the ball-on-flat 

method.  
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4. CONCLUSION 

The suitable conditions of the ball-on-flat test were determined to evaluate friction-wear properties of nitrided 

layer and AlCrVN coatings on 16MnCr5 steel.  

The choice of test force has a great influence on the results of the evaluation of the friction-wear properties of 

the layers and coatings by method ball-on-flat. The test force of 5 N, at which the wear of treated materials 

was too low, was unsuitable to evaluate wear resistance. The test force of 25 N, at which all layers were 

damaged were too high for friction-wear test. There were not failures of AlCrVN duplex coating at test force of 

12 N, 20 N. However, the AlCrVN coating on un-treated material was gradually damaged at these test forces. 

The test force of 10 N, at which damaging did not occur for all coatings was the most suitable force to evaluate 

friction-wear properties of coatings. 

The wear volume increased dramatically with increasing test force to the value, at which the layers, coatings 

were damaged. To reduce the test time while ensuring the wear is large enough, the most suitable test force 

is the greatest force, which does not damage the coatings and layers.  
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Abstract 

Flake zinc-aluminium coatings are used in industry for decades. They can perform high corrosion resistance 

according to required accelerated tests, but in the field application the corrosion resistance is reduced due to 

nonuniform thickness of coating layers. In case the same thickness of coating, the corrosion resistance is 

affected by composition of coating.  

Keywords: Flake coating, properties, corrosion resistance, testing methods 

1. INTRODUCTION 

Surface coatings for screws and similar products are assigned to non-metallic and metallic surfaces. So-called 

galvanically applied coatings or zinc flake (lamella) coatings are generally used to protect metallic 

surfaces in order to increase corrosion protection. Zinc flake coating is a non-electrolytic coating, which 

consists of a so-called inorganic basecoat and a topcoat. 

Flake zinc-aluminium coatings are used in automotive, aerospace and building industry around whole word for 

nearly 40 years with different trade names. They are used in wide range of combination of primer zinc-

aluminium layers and coloured or friction inorganic top layers - (Figure 1). Many specifications require a 

minimum proportion of 70 % zinc and 10 % aluminium, but today, in systems of the latest generation, further 

alloy components are added in order to further increase corrosion protection and significantly reduce coating 

corrosion/white rust formation [1]. The high proportion of metallic pigments in platelet form (flakes) and the 

presence of conductive binders guarantee a very good cathodic protection and classify the layer as an 

inorganic coating, mainly silane compound (e.g. (3-aminopropyl) triethoxysilane, tetra ethoxysilane, 

vinyltriethoxysilane, methyltriethoxysilane) and titanate compound (e.g. tetrabutyl titanate).  

 

Figure 1 Time development of flake coatings 

In the form of single- or multilayers, layer thicknesses of 4 to 8 µm have to be obtained - the total thickness is 

usually 15 - 25 µm. The surface coating is free of chromium (VI) and the zinc flakes provide cathodic protection: 

the less noble zinc 'sacrifices' itself in order to protect the underlying metal. The specifications for zinc flake 

coatings are defined in international standard ISO 10683 Fasteners - Non-electrolytically applied zinc flake 

coating systems and also in European standard EN 13858 Corrosion protection of metals. Non-electrolytically 
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applied zinc flake coatings on iron or steel components. ISO 10683 sets out the requirements for zinc flake 

coatings for threaded fasteners and EN 13858 describes the requirements for zinc flake coatings for fasteners 

with no thread and for other parts as well.  

Depending on the area of application, surface technologies also offer different pre-treatments, such as 

degreasing, sandblasting and phosphating. The process consists on zinc and aluminium lamella flakes 

dissolved in a solvent base. The combination of different bases and topcoats enables it customization for 

specific requirements: corrosion resistance improvement, specific colour or friction coefficient with integrated 

lubricants or applied over the base coat. In order to find the base and top coat solutions that best match each 

component [2,3]. 

2. CORROSION RESISTANCE OF FLAKE COATINGS 

According to ISO 10683 there are four basic zinc flake coating systems as shown in (Figure 2). The coefficient 

of friction can be adjusted to targeted values ranging from 0.06 to 0.20 with selected topcoats. 

 

Figure 2 Basic zinc flake coating systems 

The characteristic for these types of coating is shape of pigments - (Figure 3). The flat, nearly 2 D shape 

pigments should be made up horizontally with the metal surface. This arrangement creates longer path 

for humidity and/or pollution to penetrate through coating layers - excellent barrier protection. The second 

protective mechanism is cathodic one, because ignoble zinc, as the less noble metal, in the base coat 

sacrifices itself, corrodes and protects the substrate steel from deteriorating - electrochemical mechanism. In 

many cases the top layer given passive protection, too. The chromate films are now replaced by ecological 

accepted ones [4].     

 

Figure 3 The example of flake coating characteristic structure 

Accelerated corrosion tests may indicate lower quality of coating, but their results cannot be used for prediction 

of service life of corrosion protection given by flake coatings. The ISO 10683 requires corrosion tests to use to 

evaluate the corrosion resistance of the coating systems by neutral salt spray test (NSS) according to ISO EN 

9227 Corrosion tests in artificial atmospheres - Salt spray tests and by sulphur dioxide test (Kesternich test) 
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according to ISO 6988 Metallic and other non organic coatings - Sulfur dioxide test with general condensation 

of moisture. Zinc- and/or aluminium flake coatings obtain very good protection against corrosion, ca 240 - 1 

500 hrs in neutral salt spray test, depending on composition and coating thickness - it takes about 100 hours 

to etch the coating 1 µm. Accelerated corrosion tests may indicate lower quality of coating, but their results 

cannot be used for prediction of service life of corrosion protection given by flake coatings. 

The sulphur dioxide test is only intended for outdoor building fasteners, but ETA 006 Guideline for European 

technical approval of systems of mechanically fastened flexible roof waterproofing membranes prescribes this 

test in duration 15 cycles with 2 L SO2 concentration. 

Some of coating suppliers, mainly for automotive industry, specify also the cyclic tests (CCT) - see 

Table 1. E.g. CCT according to GM9540P specification consists from 8 hrs exposure to an ambient 

climate of 40 to 50 %RH at 25 °C, during which salt solution is sprayed directly on to the test samples 4 

times; followed by 8 hrs exposure to a water fog humidity climate of 100%RH at 49 °C and 8 hrs of air 

drying in a climate of <30%RH at 60 °C. The number of cycle repeats and therefore the test duration is 

variable.  

The duration in all tests is required till the first corrosion of substrate steel occurs. 

Table 1 The survey of corrosion resistance requirements for flake coatings 

coating  thickness (μm) 
coating weight 

(g.m-2, min) NSS (hrs, min) 
Kesternich test 

(cycles, min) 
CCT - 

GM9540P 
(cycles, min) 

base layer (silver) 5 - 6 20 - 25   500 6 80 

multi layer 
(silver/black) 

10 30 - 36 1000 12 80 

multi layer + top layer 
(silver/black)  

6 - 10 22 - 25 500 - 1000 6 - 12 80 

3. MATERIALS AND METHODS 

The 2 types of coating applied for fasters are tested in the form of steel bars - (Figure 4): 

 sample 1 - silver coating, 2x basic layer + 3 top layer, total thickness ca 23 μm,  

 sample 2 - black coating, 3x basic layer + 3 x top layer, total thickness ca 24 μm. 

 

 

Figure 4 Tested samples 

Before corrosion test the metallographic evaluation of coatings was performed with light microscopes 3D 

Keyence VHX-5000 - (Figure 5). The both coatings´ thickness correspond to specification. The characteristic 

lamellar structure of pigments is evident in coating layers. There are discontinuities in coatings. 
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Figure 5 Cross cut of coatings´ layers 

The corrosion tests were performed by neutral salt spray test and sulphur dioxide test with 2 L of SO2 dosage. 

In each test regimes 2 pcs of sample had been exposed. The samples were visually evaluated during the tests 

to identify the first substrate steel corrosion occurrence - results are given in Table 2 and (Figures 6 and 7). 

Table 2 Test duration to the 1st corrosion spots of substrate steel 

sample  NSS test (hrs) 2 L SO2 test (cycles) 

1 144 9 

2 500 8 

Salt spray test results - test was finished after 3000 hrs of exposure: 

 sample 1 - the first spots of substrate steel corrosion products formed after 144 hrs of exposure; during 

next exposure the number and size of spots slightly increased, but the significant increasing occurred 

after 1656 hrs of exposure, when 1 pc was withdrawn for detailed evaluation - (Figure 6);  

 sample 2 - on the samples the white corrosion products of zinc gradually formed and spread; after ca 
500 hrs the white corrosion products covered 30 % sample´s area; the first spots of substrate steel 

corrosion products formed after 720 hrs of exposure, but the significant increasing occurred after 1656 

hrs of exposure, when 1 pc was withdrawn for detailed evaluation - (Figure 6); 

 

 

 

Figure 6 Tested samples after 1656 hrs in NSS test 

Sulphur dioxide test results - test was finished after 15 cycles of exposure: 

 sample 1 - after 2 cycles the white zinc corrosion products occurred on the sample surface; the first 
spots of substrate steel corrosion products formed after 9 cycles of exposure - (Figure 7); 

 sample 2 - the first spots of substrate steel corrosion products formed after 8 cycles of exposure on the 

edge of samples - (Figure 7). 

sample 1  sample 2  
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Figure 7 Tested samples after 15 cycles in SO2 test 

The details of corrosion attack of layers are given on (Figure 8) after both corrosion tests. There are evident 

different mechanisms of corrosion attack.  In NSS test the coatings degraded from top of coating layer so even 

for the sample 2 with higher corrosion resistance the corrosion of zinc pigment occurred and presented itself 

in the form of white layer of zinc corrosion product. The reduction and discontinuities of top part of coating is 

evident. In SO2 test the coating stayed with change. The sample 1 coating was under-corroded in the both 

tests, but in NSS test the coating was not broken as it happens in SO2 test. In case the same thickness the 

composition of coating is significant for corrosion resistance of zinc flake coatings. 

 

  

  

Figure 8 Cross cut of coatings´ layers after exposure in corrosion tests 

4. CONCLUSION 

Zinc sacrificial corrosion protection is the main corrosion resistance mechanism of the zinc/aluminium flake 

coating film. The accelerated corrosion tests are used to check the coating quality for fasteners, washers, nuts, 

screws and many other joining parts for automotive, building and other industry [5].  

sample 2 - NSS test sample 1 - NSS test 

sample 1 - SO2 test sample 2 - SO2 test 
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The field application of fasters with these types of coating showed premature failure due to non-uniform coating 

thickness distribution - (Figure 9). This typical case study of screws and nuts used for photovoltaic panels 

demonstrated significant substrate steel corrosion after 1 year exposure in service in open atmosphere. The 

cross section shows the extremely non-uniform coating thickness and corrosion attack started at such areas. 

This type of defect is typical for all coatings applied in barrel technology. The same problem occurred for 

washers used for 1 year on dam Orlik ship lift. 

 

  

 

 
 

Figure 9 Corrosion attack on screws and washers after 1 year exposure  
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Abstract 

The effect of different vol. % Zn:Al ratio in Zn and Al pigmented epoxy coatings with the same OPVC (40 

vol. %) has been investigated by means of EN measurements performed in 0.05 M NaCl for 168 hrs. Analysis 

of EN data in frequency domain permits to evaluate changes of the noise impedance spectra due to possible 

contributions from charge transfer and mass transport reactions occurring in pores filled with corrosion 

products and at the delaminated areas of tested coatings. The interpretation of EN noise impedance spectra 

for determination of water penetration and the loss of adhesion in combination with the single frequency (1 

kHz) impedance test results for tested coatings has also been discussed.  

Keywords: Painting system, Zn pigment, Al pigment, electrochemical noise analysis, delamination of coating 

1. INTRODUCTION 

Opposite with epoxy zinc rich coatings (ZRP) the modified type of ZRP with partial substitution of Zn by Al 

have not yet been widely studied. For some exceptions can be considered recently published articles on the 

use of ENA for characterization of these types’ coatings regarding to delamination kinetics of underlaying steel 

[1-3]. In all of them for noise impedance spectrum interpretation similarity of those characteristics with 

simulated electrochemical impedance spectrum (EIS) for coated steel is accepted [4] and it was used to 

provide information about disbonded region of the coating/steel interface.  

This approach to electrochemical characterisation of tested coating systems protective performance can be 

supplemented by analysis of EN data with implementation of a modified noise resistance Rn* and noise 

resistance Rn values [5]. According to Bierwagen et al [5] the value of the difference between these noise 

resistance values may give an estimation of the degree of imperfections in a coating. For Zn and Al pigmented 

epoxy coatings with low OPVC (40 vol. %) and different vol. % ratio Zn:Al the relation of parameter Rn*- Rn to 

oxygen reduction reaction (ORR) occurring on Zn particles in the coating can be important for understanding 

of a barrier mechanism and optimising coating formulation. Implementation of this parameter into the noise 

impedance spectrum interpretation as well as parameters related to changes in the resistive properties seems 

to be necessary for better understanding of key factors affecting protective performance of the mentioned 

above type of coatings. Considering possible similarity of MEM impedance spectrum obtained by use of ENA 

with simulated EIS plots for ZRP the work of Vilche et al [6] offers some possibilities of application for given 

purpose. It should be noticed these authors successfully simulated EIS plots for ZRP by the transfer function 

which involves the constant phase element CPE = [C(iω)α]-1 with a parameter α = 0.4 - 0.6. In addition to it a 

finite diffusion impedance was considered to account for the transport process through the coating together 

with the charge transfer resistance of the Zn dissolution process occurring in parallel with ORR. In this case 

parameter Rn* - Rn can possibly be used in terms including the charge transfer resistance RA of this process in 

the coating according to Vilche et al model.  
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The main aims of this study were so checking of this possibility and verifying how accurately a new approach 

to noise impedance spectrum interpretation can help to distinguish differences in the protective performance 

of tested coating systems. Apart from electrochemical measurements more advanced microscopic method 

was used for metallographic analysis of tested coating systems after immersion tests. EDX mapping and 

structure (SEM - SE image) of cross-sections were chosen for this purpose.    

2. EXPERIMENTAL 

2.1. Materials 

Two types of modified Zn pigmented epoxy coatings were prepared using Zn and Al pigments (see Table 1) 

with the same value of OPVC = 40 vol. % and different vol. % of Zn:Al ratio. 

Table 1 Characteristic of ZRP modified with Al additions  

Sample  
OPVC 
(vol%) 

Zn:Al ratio       
(vol%) 

Filler Binder Hardener 

AKAl 112 40 88:12 Alum.Stapa 2NL Epicote 1010 Epicure 3115 

AKAl 107 40 94:6 Alum.Stapa 2NL Epicote 1010 Epicure 3115 

Zn dust for preparation of coatings was 4P16 (supplied by UMICORE Zinc Alloys and Chemicals Co.). In 

combination with Zn dust aluminum paste Alum.Stapa 2NL (supplied by ECKART GmbH) and also the same 

type of binder and hardener (supplied by Momentive Co.) were used. In order to avoid the particle 

sedimentation and for better dispersion ion-exchangeable inorganic pigment Syloid 244 based on synthetic 

amorphous silica was used in both types of tested coatings. 

Both tested coatings were applied by a spreader bar to steel C4Q panels previously polished and degreased. 

The average thickness of dry film was 55 μm for tested coatings. 

2.2. Method 

Immersion tests using ENA for tested coatings on steel substrate specimens were performed with use of the 

same experimental set-up as described earlier [7]. The potential and current noise (ENP and ENC) values (for 

given data set measured for given immersion time) were collected for measurement periods of 600 s with 

sampling rate of 20 Hz (12 000 points for period) using GAMRY ESA 410 software in the end of 168 hrs 

exposure test in 0.05 M NaCl. These data were used to obtain MEM Noise Impedance Spectrum 

characteristics as well as Rn*- Rn values for both tested coating systems. 

In addition to it changes in the resistive properties of tested coating systems were estimated when immediately 

after EN measurements single frequency (1 kHz) impedance test was performed with the use of HIOKI LCR 

HITESTER.  

3. RESULTS AND DISSCUSIONS 

Due to the fact that both tested coating systems after 168 hrs of exposure to 0.05 M NaCl can be considered 

for rather stationary systems with barrier mechanism (with high noise impedance Zn,f→0 values) only MEM 

curves presented here were checked because of providing a smoother version of impedance spectrum as 

compared to FFT curves. As can be seen from Figures 1-2 MEM impedance spectrum is for every of tested 

coatings different confirming by this way quite different barrier properties of tested coatings.  

This fact corresponds also to quite different degree of barrier effect development because water and/or solution 

penetration within coating through pores and ionic pathways can be delayed and dependent on contributions 

from charge transfer and mass transport reactions different in tested coatings. 
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Figure 1 Noise impedance spectrum (MEM curve) for AKAl 112 after 168 hrs exposure  

 

Figure 2 Noise impedance spectrum (MEM curve) for AKAl 107 after 168 hrs exposure  

Considering possible interpretation of presented MEM curves according Vilche et al [6] it should be 

remembered the Warburg impedance Zw for a diffusion process in a layer of finite thickness is given by the 

expression  

                                                       Zw(ω) = RDO(iωδ2/D)-0.5tanh(iωδ2/D)0.5                                                      (1) 

where RDO denotes the ω→0 limit of Zw(ω), δ is the thickness of the diffusion layer and D is the diffusion 

coefficient. 

Eq (1) assumes that a.c. diffusion layer thickness (i.e. the distance travelled by diffusion species in the low 

frequency oscillating perturbations) is very much less than the d.c. Nernstian diffusion layer thickness [8]. In 

the fact if the frequency-dependent diffusion length is defined as δ = Z[ \⁄  and s = (δ/L)2 where L is the coating 
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thickness then values of Z estimated by the single frequency (1 kHz) impedance test can be used to substitute 

values of Zw∞ when the tanh term approaches unity and Zw = RDO√74. The same test can also provide values 

of Rc involved in Vilche et al model. 

Considering these suggestions is possible to check how accurately MEM impedance spectrum can be 

reproduced according to the following expressions 

                        ^_`\)a� �  b�√7\ c  d�edfgMh ij O√Kk lmnoMh ij O√Kke`dp∗ �dp)
^d�edfgMh ij O√Kk lmnoMh ij O√Kka`dp∗ �dp)                                                      (2) 

where                                                                          b� �   
q√#                                                                        (3) 

whereas                                                                 r �  ds
LJ�Jt√#  u  

vgJ�.w�gJx                                                          (4)  

where n = number of electrons in ORR, A = delaminated area, DO2 = diffusion coefficient of oxygen in the 

polymeric coating and cO2 = solubility of oxygen inside the polymer at temperature T. 

For practical use of Eq. (2) should be remembered that implementation of Rn* - Rn value means possibility of 

development situation when Rn* - Rn < 0. In this case the defect developed locally at the coating/steel interface 

is not galvanically protected by sufficient amount of Zn particles around the defect. Opposite to it when still 

sufficient amount of Zn particles remains at the coating/steel interface available for local galvanic protection of 

a defect developed locally, then |Rn* - Rn| value instead of (Rn* - Rn) value should be used in Eq. (2).  

It should be noted the relative values of RDO and σ determine whether the system is under charge-transfer 

control for RDO/σ > 10 or under diffusion control if RDO/σ <0.1 [9]. For tested coating systems in the end of 168 

hrs exposure in 0.05 M NaCl values of DO2 = 1.18E-10 cm2s-1 and cO2 = 4.02E-8 mol/cm3 were found [10]. As 

compared with DO2 and cO2 values reported before for non-pigmented polymeric coating in 0.5 M NaCl [11] 

these values are much smaller due to suggested better barrier properties of tested coatings. By this way for 

known values of DO2 and cO2 delaminated area size for given type of coating in the end of the test can be 

calculated using fitting parameter Y0 values estimated for MEM curves in Figures 1-2. In Table 2 are values 

of parameters involved in Vilche et al model (with the use of Rn*- Rn in terms including RA) for tested coating 

systems.  

Table 2 Summary of parameters involved in Vilche et al model estimated for tested coating systems in the 

end of 168 hrs exposure  

Sample  δ (cm) RDO (Ω) Rc (Ω) Rn* - Rn (Ω) Y0 (s0.5/Ω) A (cm2) 

AKAl 112 1.062E-03 13.0E+06 18.227E+06 12.812E+06 4.646E-08 5.753E-05 

AKAl 107 7.610E-04 17.3E+06 13.149E+06 -5.305E+06 6.847E-08 2.597E-04 

As the loss of adhesion is directly linked to the reduction of oxygen at the steel/coating interface this approach 

can be used for determination of delaminated area size. Considering of 168 hrs exposure to 0.05M NaCl in 

relation to the formulation and the structure of tested coatings (see Figures 3 and 4) it is clear the Al particles 

in combination with inorganic pigment Syloid can reduce cathodic delamination to minimum by preventing the 

transport of oxygen and water through coating. The tortuous detours provided by flake shaped Al pigment 

particles seems to increase the diffusion path and decrease the cross-section area through which diffusion 

occurs. It should be noticed the high number of Al particles in the coating AKAl 112 can improve coating 

delamination resistance also due to possible decrease of chemical activity of Zn in the coating/steel interface. 

For this region in the end of experiment a considerable reservoir of burried Zn remains available for local 

galvanic protection should a defect developed locally to expose an isolated Zn particle (see Figure 3).         
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Figure 3 EDX mapping and structure (SEM-SE image) of cross-section for AKAl 112 

 

 

Figure 4 EDX mapping and structure (SEM-SE image) of cross-section for AKAl 107 

4. CONCLUSIONS 

A new approach for the use of ENA in combination with the single frequency (1 kHz) impedance test 

measurements has been proposed and utilized for the noise impedance spectrum interpretation. Through this 

new approach the role of various parameters on the delaminated area size has been investigated to achieve 

better understanding of barrier mechanism and help optimizing coating formulation to be ensuring resistance 

to cathodic delamination.     
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Abstract  

Magnesium and its alloys are promising materials that have potential mainly in the field of transport (e.g. 

automobile industry) and medicine (e.g. orthopedic implants). Their disadvantage is poor corrosion resistance, 

which limits their wider use in practice. Therefore, surface treatment by various methods is performed in order 

to improve corrosion protection. The preparation of a superhydrophobic coating is an interesting approach 

because the hydrophobic coating minimizes contact of the corrosion medium with the magnesium substrate. 

In this work, the hydrothermally prepared hydroxyapatite coating on AZ31 magnesium alloy was 

superhydrophobized by myristic acid. The prepared coatings were characterized by determining contact angle 

and surface analysis using a scanning electron microscopy with energy dispersive spectroscopy and Fourier 

transformed infrared spectroscopy. The corrosion resistance of modified surfaces was examined by 

potenciodynamic polarization in 3.5 % NaCl.  

Keywords: Corrosion, AZ31 magnesium alloy, hydroxyapatite coating, superhydrophobization  

1. INTRODUCTION 

Magnesium is a lightweight metal with superior strength to weight ratio and excellent damping capacity. It has 

a great potential to be used in automotive industry, aeronautics etc. [1]. Magnesium alloys have been also 

widely studied for biodegradability and biocompatibility, as they could be used for biomedical applications [2]. 

A poor corrosion resistance is the biggest limiting factor for its wider use. Mg alone easily oxidizes in common 

environments due to the highly negative electrode potential. While some alloying elements can improve 

corrosion resistance, others may worsen it as a microcell corrosion between different phases can occur [3]. 

Moreover, the hydroxides and oxides produced by corrosion are uneven and loose. They cannot protect 

magnesium substrate from further deterioration, especially in the presence of Cl- [4].  

Many surface treatments and protective coatings have been studied, including fluoride conversion coatings, 

micro arc oxidation (MAO), electroless deposition of Ni-P coatings, physical/chemical vapour deposition etc. 

[5,6,7]. One promising approach to corrosion protection is the use of hydroxyapatite (HA) coatings [5].  

Hydroxyapatite (HA; Ca5OH(PO4)3/Ca10(PO4)6(OH)2) is biocompatible material naturally occurring in teeth and 

bones, which makes it perfectly suitable for implants. There are several studied methods of HA preparation, 

such as sol-gel process, electro-deposition, and hydrothermal treatment. Properties and morphology of HA 

coating varies in dependence on used method [8-9]. The electrodeposition is usually realized by direct 

continuous or pulsed current, while the latter method provides better results [10]. The hydrothermal treatment 

is simple and cost-effective technique of HA production, but it needs chemical activation of magnesium surface 

to achieve better adhesion. The simplest way to improve adhesion is the alkaline surface conversion of 

magnesium to Mg(OH)2. Recently, phytic acid and glucose have also been used successfully. [11-12]. 

The corrosion resistance of magnesium alloys may be also improved by preventing contact of the corrosive 

medium with the substrate. This protection strategy can be achieved by introducing superhydrophobicity [4]. 

Superhydrophobicity is characterized by water contact angles higher than 150° and sliding angle lower than 
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10°. Common surface modifying agents are unable to produce flat surface with contact angle larger than 120°. 

Therefore, further increasement of contact angle can be done by implementing surface roughness. For creation 

of favourable surface structure, many different methods are currently studied [13]. 

The idea of HA hydrophobization was already examined by some researchers [14]. Kang et al. (2018) 

describes one-step hydrothermal fabrication of superhydrophobic hydroxyapatite which was achieved by 

utilization of ratio between water solution of HA precursors and ethanol solution of stearic acid. Although the 

corrosion current in Hank solution measured by potentiodynamic polarization was improved by four 

magnitudes, the article does not provide any information about the long-term stability [15].  

This work deals with hydrothermal preparation of hydroxyapatite which is then superhydrophobized with 

myristic acid by electrodeposition. Special emphasis was placed on the corrosion behavior in 3.5% NaCl using 

electrochemical tests including potentiodynamic polarization and electrochemical impedance spectroscopy. 

2. MATERIAL AND METHODS 

The AZ31 magnesium alloy was used for experiments. The chemical composition was determined using glow-

discharge optical emission spectroscopy (GDOES) on a Spectrumat GDS 750 instrument (Spectruma Analytik 

GmbH, Hof, Germany). The values are listed in Table 1. The material was cut into samples with a size of 20 

x 20 x 5 mm. It was abraded with silicon carbide papers of 600 and 1200 grit, rinsed with water and isopropanol 

and dried by hot air.  

Table 1 Chemical composition of used magnesium alloy AZ31. 

Alloy Chemical composition (wt%) 

Al Zn Mn Si Fe Sn Balance 

AZ31 3.60 1.34 0.28 0.03 0.002 0.01 94.738 

Square coupons were placed in a hydrothermal reactor for 12 h at 120 °C which contained 150 ml of 2 mol/l 

NaOH. This surface treatment resulted in the formation of magnesium hydroxide which served as a base layer 

for better HyA adhesion. 

The preparation of hydroxyapatite was as follows: 125 ml of a solution containing 2 g of dissolved ammonium 

dihydrogen phosphate was added dropwise to 175 ml of a solution in which 6 g of Ca(NO3)2 · 4H2O was 

dissolved. During the dropwise addition, the solution was stirred vigorously and the pH was adjusted to 4.5 

using NaOH solution. The AZ31 alloy coated with the Mg(OH)2 was placed in an autoclave for 2 h at 120 °C. 

The prepared hydroxyapatite was rinsed with water and isopropanol and then dried with hot air.  

Superhydrophobization of the hydroxyapatite coated sample was performed by electrodeposition. The calcium 

nitrate (0.01 mol/l) and myristic acid (0.1 mol/l) were added into 175 ml of 90 vol. % ethanol. Sample was 

placed in the prepared solution as the cathode and a plain AZ31 plate (20 x 20 x 5 mm) was as the anode. 

The two electrodes were 2 cm apart. Direct current source (Diametral, P130R51D, Czech Republic) was 

employed under a voltage of 30 V for 20 min. The superhydrophobized samples were rinsed with isopropanol 

and then dried with hot air.   

The water contact angle was measured using Contact Angle System OCA (DataPhysiscs instruments). The 

volume of each water drop was about 5 µl.  

Electrochemical measurements were carried out using VSP-300 potentiostat. Conventional three electrodes 

glass cell was used with platinum counter electrode, saturated calomel electrode as reference electrode with 

Luggin capillary bridge and sample with geometric area 1 cm2 as working electrode. The potentiodynamic 

polarization curves were recorded in the range of - 200 mV to 400 mV vs. open circuit potential at a scanning 

rate of 1 mV/s. Before recording the polarization curves, the open circuit potential was stable within 30 min. 
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Measurements were performed in environment of 3.5% NaCl at room temperature for the plain AZ31, the AZ31 

with hydroxyapatite coating (HA/Mg(OH)2/AZ31) and the superhydrophobized AZ31 (Myr/Mg(OH)2/AZ31).  

Fourier-transform infrared (FTIR) spectra of myristic acid and superhydrophobic coating were obtained in 

Attenuated Total Reflection (ATR) mode using a Nicolet iS10 spectrometer. Spectrum was recorded over the 

range 3000-500 cm-1 at 2 cm-1 resolution and was the averages of 68 scans. The spectrum for air on a clean 

dry ATR diamond crystal was used as the background for the infrared measurements. The morphology and 

elemental composition of the superhydrophobic coating were analyzed using a Zeiss EVO LS-10 scanning 

electron microscope (SEM) (Carl Zeiss Ltd., Cambridge, UK) with energy-dispersive spectroscopy (EDS), an 

Oxford Instruments Xmax 80 mm2 detector (Oxford Instruments plc, Abingdon, UK) and AZtec software 

(version 2.4, Oxford Instruments, High Wycombe, UK).   

3. RESULTS ANF DISCUSSION 

Surface analysis using SEM did not reveal a visible change in the surface morphology of the AZ31 alloy after 

treatment in 2 mol/l NaOH. The surface was flat and relatively smooth except for some polishing scratches, 

see Figure 1A. The hydroxyapatite layer deposited on Mg(OH)2/AZ31 was characterized by a flower-like 

structure that was composed of smooth platelet crystals, see Figure 1B. The experience of the authors of this 

paper shows that hydroxyapatite forms more readily and with greater adhesion to the surface when AZ31 alloy 

is pretreated in sodium hydroxide. 

The prepared hydroxyapatite was superhydrophobized using electrodeposition in a mixed solution of myristic 

acid and calcium nitrate in 90 vol.% ethanol. Optimal conditions for electrodeposition included voltages of 30 

V and 20 min. A time longer than 20 min led to the formation of a thick layer which showed low adhesion to 

the surface. On the contrary, the shorter electrodeposition time did not allow the preparation of a coating with 

a superhydrophobic character. 

The presence of water in the ethanol solution was also important because the absence of water or its low 

amount did not lead to the formation of a superhydrophobic coating in a reasonable time. On the other hand, 

the high water content caused a large number of hydrogen bubbles to block the binding of myristate to the 

surface. The long electrodeposition time and/or high water content resulted in dimples in the superhydrophobic 

coating visible to the eye. These traces were caused by the temporary surface adsorption of hydrogen bubbles 

that were released during electrodeposition due to the cathodic reaction of the magnesium substrate. 

  

  

Figure 1 SEM analysis of Mg(OH)2/AZ31 (A), HA/Mg(OH)2/AZ31 (B), Myr/HA/Mg(OH)2/AZ31 (C,D). 
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The surface of the hydroxapatite was compactly covered with a superhydrophobic coating which consisted of 

flat and irregular shape, see (Figures 1C-D). The prepared coating had a contact water angle of 150.7 ± 0.3° 

and a sliding angle of about 7°. The surface of hydroxyapatite and Mg(OH)2 were hydrophilic. 

The FTIR spectrum (Figure 2) of the superhydrophobized coating clearly revealed the presence of myristate. 

The spectrum contained two strong bands around 1550 and 1420 cm-1 which indicate asymmetric and 

symmetric valence vibrations of carboxylates. The long hydrocarbon chain of myristate was indicated by bands 

3000-2800 cm-1 and 715 cm-1. The figure also shows the FTIR spectrum of myristic acid, which contains a 

characteristic band 1700 cm-1 corresponding to carboxyl groups.  

Elemental analysis using EDS showed that the coating contained an average of 84.0 at% carbon, 11.1 at% 

oxygen and 4.9 at% calcium. With regard to FTIR analysis, it can be assumed that the coating consists of 

calcium myristate.  

The potentiodynamic polarization curves of samples are given in Figure 3. AZ31 alloy had the lowest corrosion 

resistance compared to other samples examined. The preparation of hydroxyapatite significantly improved the 

corrosion properties because the potentiodynamic curve shifted to lower values of the corrosion current. 

However, the surface treatment did not affect the corrosion potential (-1.45 V). Superhydrophobization resulted 

in a shift of the corrosion potential to more positive values and a significant reduction in the corrosion current 

density (icor). The value of icor decreased from 18.45 µA/cm2 for AZ31 to 0.05 µA/cm2 for Myr/HA/Mg(OH)2/AZ31, 

showing a decrease of three orders of magnitude. These changes indicate that superhydrophobization 

provided excellent corrosion resistance. The formed coating effectively prevented the contact of the corrosive 

environment with the surface of the AZ31 alloy. 

 

Figure 2 FTIR spectra of myristic acis (orange) and superhydrophobized coating on HA/Mg(OH)2/AZ31 

(blue) 

Table 2 Parameters of PD measurements.  

 AZ31 HA/Mg(OH)2/AZ31 Myr/HA/Mg(OH)2/AZ31 

Ecor (V) -1.45 -1.45 -1.35 

icor (µA/cm2) 18.45 0.23 0.05 
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Figure 3 Potentiodynamic polarization curves of the AZ31 alloy (red), the HA/Mg(OH)2/AZ31 alloy (green) 

and the superhydrophobized HA/Mg(OH)2/AZ31 alloy (blue). 

4. CONCLUSION 

Hydroxyapatite was prepared by hydrothermal reaction on AZ31 alloy, on which the layer of Mg(OH)2 was 

previously formed. This treatment improved the corrosion properties of AZ31 alloy in a 3.5% NaCl environment. 

Corrosion resistance improved significantly after superhydrophobization with myristic acid. The corrosion 

current density decreased by three orders of magnitude compared to the AZ31 alloy. Superhydrophobization 

was performed by electrodeposition under optimally selected conditions. 
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Abstract 

The paper describes combination of optical and electronic methods together with IR analysis for evaluation of 

the paint coatings. Based on these methods the fingerprint of each paint layers is identified according to 

requirements of ISO 12944-9. The database of numerous typical industrial painting systems is created. These 

data allow to identify composition of the existing systems before their renovation or the mistakes in newly 

applied painting systems, e.g., different type of binder, pigments, etc.  

Keywords: Paint system analyses, IR method, electronic scanning microscopy  

1. INTRODUCTION 

Paints are very complication system and mixture of the organic and inorganic substances. This is reason for 

more complicated identification and clarification of the causes of defects. This is also very important in order 

to prevent errors and thus ensure the required long life of corrosion protection. In addition to physical methods 

such as measuring the thickness of the protective film, its adhesion, gloss, colour, checking the cleanliness of 

the surface, which can be performed in the field, it is necessary to obtain samples for laboratory evaluation. In 

the laboratory it is then possible to perform further analysis and microscopic examination. A paint examination 

always begins with a microscopic examination of the samples and reference coating used for comparison. The 

mutual combination of microscopic evaluation, EDX-SEM, FTIR analysis, is important for the detection of 

possible defects. 

Since paint consists of an organic binder as well as inorganic fillers and pigments, it is need analytical 

techniques that can characterize a paint sample in both of these areas. FTIR spectroscopy and EDS 

spectroscopy are two techniques perfectly suited for the task of paint analysis. FTIR spectrum is unique for a 

given organic material and can be thought of as the materials “chemical fingerprint”. The area of the FTIR 

spectrum between 1 600 - 4 000 cm-1 is commonly referred to as “functional group region” (fingerprint) and is 

primarily composed of peaks corresponding to the stretching motions of the functional groups [1]. Both bulk 

and surface analysis can be performed with FTIR depending on the mode of the analysis performed [2-4]. The 

special holder has been developed for FTIR analysis of multilayer paint systems allowing analysis of each 

layer. This holder enables analyses of individual, gradually removed layers in a given specific place.  

The paper gives some results of studies related to the combination of methods for clarifying defects in 

protective coats of car body as example of complex analysis. Modern automobile paint is applied in several 

layers, with a total thickness of around 100 µm (0.1 mm). This coating system is multi-layered with different 

composition of each layer. A basecoat is applied after the primer paint. Following this, a clearcoat of paint may 

be applied that forms a glossy and transparent coating. The top clearcoat layer must be able to withstand UV 

light.  

Paint defects can have many causes. Maybe owner had an accident, or maybe the car was exposed to 

aggressive atmospheric conditions. It is also possible, that mistakes were made during the coating process. 

In industrial areas the chemicals released into atmosphere reacting with pollution in the air to damage paint 

coating of car body. 
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2. MICROSCOPIC EVALUATION  

2.1. Optical microscopy 

Optical microscopy evaluation was used to evaluate car body paint defects. Two types of car paint system 

were evaluated: white colored coating (sample 1) and anthracite metallic pigmented coating (sample 2). Both 

paint systems showed defects in the form of cracks, coloured spots or peeling in the clear coat (Figure 1). In 

the field the defects of coating were documented by portable microscope with 50x magnification.  

        

Figure 1 Defects in the car coating (left sample 1, right sample 2) 

 

Figure 2 Microscopic evaluation - sample 1 cross section - holes in clear lack layer 

  

 

Figure 3 Microscopic evaluation - sample 2 cross section - holes in clear lack layer, clear coat degraded - 

corrosion of Al pigment 

without defect 

with defect 
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Detailed evaluation was done. Figure 2 and Figure 3 show cross section of car body coatings, in which a 

significant thinning of the top clear coat is visible. Depth of the defect was different, from 10 µm to 40 µm, 

practically peeling clear coat. This evaluation was done in laboratory by light microscope Zeiss NEOPTHAN 

32. Light microscope cross section allows to identify the number of coating layers, the thickness of each one, 

and possible the structure of layer, especially the metallic pigment particles are evident - shape, size, amount, 

distribution, etc. In case of sample 2 the deterioration of top layer and corrosion of aluminium pigment particles 

is evident. 

2.2. SEM+EDX analysis  

This analysis showed a higher sulfur content, in range 2 - 6 wt. % in stain in comparison to clear surface. In 

this industrial area, where the deterioration of car body coating occurred, steel and zinc coupons were exposed 

for 1 month to estimate the atmospheric corrosivity. EDAX analysis of corrosion products from corrosion 

coupons identified sulphur content in range 4.5 wt. %. There is good correlation between air pollution level and 

contamination of paint surface. 

3. FTIR ANALYSIS 

The special holder (Figure 4), has been developed for FTIR analysis of multilayer paint systems. This holder 

enables the analyses of individual, gradually removed layers using a very fine sandpaper in a given specific 

place of paint sample and improve quality of spectra. Holder ensure the measurement of the spectra of 

individual layers of coating systems exactly by removed 10 µm due rotation of the micrometric screw.  

                     

Figure 4 The special holder for FTIR analysis 

FTIR analysis of sample 1 top coat determinates styrene-acrylate copolymer like binder. In stain area the peak 

characteristic for C=O bond is missing. From the spectra it was found that hydrolysis of top layer had to take 

place (Figure 5). 
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Description: blue line - brown spot (damage) on the clear coat 

  red line - clear coat on styrene acrylic base, area without damage 

Figure 5 FTIR spectra - difference of peaks in the area of hydrolysis (arrows) 

The acidic contamination of paint surface by sulfuric and nitric acid into consideration as main air pollution 

sources. During laboratory simulation the mechanisms of degradation of the top paint layer caused by both 

acids was different. While sulfuric acid promoted by UV radiation caused hydrolyses, nitric acid caused swelling 

of the top coat without hydrolysis (Figure 6). 

   

Description: blue line - clear coat analysis  

  red line - cleat coat after 7 h action of nitric acid and UV 

Figure 6 FTIR spectra of top layer after nitric acid effect and its swelling 
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4. CONCLUSION 

With a variety of paints and coatings come a variety of modes by which these products can experience failure. 

Paint analysis problems and paint failures present a unique challenge to the modern scientist, however the 

combined information obtained from both FTIR and EDS techniques allows for the interpretation and diagnosis 

of a great variety of paint analysis problems. 

In this case study all the methods used to detect defects in the car top coat are indicative of degradation by 

sulfuric acid with the interaction with UV radiation. This pollutant takes specific defect mechanisms and 

kinetics. The laboratory simulation of dilute H2SO4 drops application shows the same degradation like car body 

coating. The source of evaluated damage can be air pollution near the chemical areal. The other possible air 

pollution by HNO3 does not show the same degradation mechanism. 

Not only the different commercial paint formulations can be distinguished from each other when using FTIR, 

but degradation of each paint can be identified, too. For this evaluation the database of various paints is 

necessary to create. 

ACKNOWLEDGEMENTS 

The study was performed and paper was written with support of project MPO - DKRVO 8/2018. 

REFERENCES 

[1] POLISKIE, M., CLEVENGER, J.O. Fourier transform infrared (FTIR) spectroscopy for coating characterization 

and failure analysis. Metal Finishing. May 2008, vol. 106, issue 5,  pp. 44-47. 

[2] ASTM D2372-85. Standard Practice for Separation of Vehicle From Solvent-Reducible Paints. West 

Conshohocken, PA, USA: ASTM International, 2015. 

[3] ASTM D2621-87 Test Method for Infrared Identification of Vehicle Solids From Solvent-Reducible Paints. West 

Conshohocken, PA, USA: ASTM International, 2016. 

[4] ASTM D7588-11 Standard Guide for FT-IR Fingerprinting of a Non-Aqueous Liquid Paint as Supplied in the 

Manufacturer's Container. West Conshohocken, PA, USA: ASTM International, 2018. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

728 

FORMATION AND CHARACTERISATION OF CHROMATE-FREE CONVERSION LAYERS ON 

5556 ALUMINUM ALLOY 

1Anastasiia KOLESNIKOVA, 1Aleksey ABRASHOV, 1Nelya GRIGORYAN, 1Tigran VAGRAMYAN 

1MUCTR - D.Mendeleev University of Chemical Technology of Russia, Moscow, Russia,                      

nastya-koleso@mail.ru 

https://doi.org/10.37904/metal.2021.4173 

Abstract 

The processes of applying cerium and titanium, zirconium-containing coatings to 5556 aluminum alloy have 
been developed. It is established that the developed passivation coatings applied on aluminum alloy parts for 
corrosion resistance and protective ability are comparable with chromate coatings. It was revealed that, unlike 
chromate coatings, the developed cerium and titanium, zirconium-containing coatings withstand the thermal 
shock without degrading of characteristics. It was established that the thickness of cerium-containing coatings 
is about 300 nm, and that of titanium, zirconium-containing coatings is about 100 nm. 

Keywords: Corrosion protection, conversion coatings, titanium-containing coatings, zirconium-containing 
coatings, cerium-containing coatings, surface treatment, chromate-free passivation 

1. INTRODUCTION 

Aluminum alloys are widely used as a structural material in various fields of technology, in industrial and civil 

construction for the manufacture of building frames, window frames, stairs, in the automotive industry, in 

shipbuilding, aviation and space technology, in electrical engineering, in nuclear reactor construction, etc. [1]. 

Due to the presence of a thin natural oxide film on the surface, aluminum and its alloys are sufficiently resistant 

to corrosion, therefore, in some cases, they are used without special anti-corrosion protection. However, due 

to its low thickness, the natural film on the surface of aluminum often does not provide reliable protection 

against corrosion, for example, in a humid industrial atmosphere or in sea water. [1,2].  

Protective and decorative electrochemical oxidation (anodizing), paint coatings, as well as complex coatings, 

consisting of the oxide film and a paint coating applied on top of it, depending on the alloy grade, the structure 

of the product, its purpose, working conditions and other factors can all be used as corrosion protection. 

Chemical oxide coatings have lower protective and adhesive properties than the electrochemical ones and 

thus don’t have a wide range practical applications.  

Conversion chromate coatings are widely used to create a thin adhesive layer as a base for paint coating on 

the surface aluminum and its alloys. Chromate adhesive coatings are also preferable when painting products 

with a complex profile, because, in the case of such products, anodizing is known to cause difficulties and thus 

requires additional spending and technical tricks [3-6].  

Due to the high toxicity of chromating solutions, which include highly toxic hexavalent chromium compounds, 

and the conversion coatings formed in them, which also contain up to 200 mg/m2 of Cr6+, the legislation of 

many States significantly restricts or completely prohibits the use of conversion chromate coatings. The 

problem of replacing the chromating processes has become critical after the adoption of the European 

Directive 2000/53/EC in 2000 restricting the presence of Cr (VI) compounds in conversion coatings [7], and in 

2002 the amendments to the directive, which completely prohibits from July 2007 the presence of Cr (VI) in 

conversion coatings applied in the production of automobiles [8]. Similar directives have come into operation 

in China since March 1, 2007, and in South Korea since July 1, 2007. In addition, RoHS [9] and WEEE [10] 
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prohibit the presence of Cr (VI) in metallic coatings of electrical and electronic equipment; the use of Cr (VI) 

limits the REACH regulation [11]. 

In the resent years in the world practice nanoscale particles obtained from hexafluorozirconic and 

hexafluorotitanic acids are more and more often used as an alternative to chromate layers [12-18]. Currently, 

world leading companies are actively developing the technologies necessary for production of such surfaces. 

Among the alternative corrosion inhibitors of aluminum alloys to chromates, the literature describes salts of 

rare earth metals, in particular cerium, which is an environmentally friendly and quite effective corrosion 

inhibitor of metals such as aluminum and zinc [19-23]. In this regard, cerium-containing conversion coatings 

can become a possible replacement for adhesive chromate conversion coatings. 

This work is devoted to the development of the process of applying adhesive protective titanium, zirconium-

containing and cerium-containing conversion coatings under paintwork on the surface of the 5556 aluminum 

alloy in order to replace the environmentally hazardous chromating processes. 

2. EXPERIMENTAL MATERIALS 

For the application of conversion coatings, samples of an aluminum alloy AA 5556 widely used in the 

automotive industry of the size of 3x4 cm were used. Solutions were prepared of pure and pro analysis grades 

of chemicals and distilled water. 

Developed titanium, zirconium-containing and cerium-containing coatings were compared in characteristics 

with chromate coatings, for application of which solutions based on Cr (VI): Na2Cr2O7 15 g/l were used; Na2CO3 

60 g/l; T = 95 - 100 °C; 20-30 minutes. 

To accelerate the evaluation of the protective ability of conversion coatings, a drop-express method was used 

using an Akimov solution containing: CuSO4·5H2O 82 g/l, NaCl 33 g/l, 0.1 N HCl 13 ml/l. The PAA (Akimov's 

protective ability) of conversion coatings on aluminum or its alloys is estimated by this method as time (in 

seconds) before the color change at the surface under a drop from gray to black. 

The thickness of the coatings was determined by ellipsometric method using the spectroscopic ellipsometer 

SENreseach 4.0 from SENTECH.   

The composition of the surface layers was studied using X-ray photoelectron spectroscopy (Omicron, 

Taunusstein, Germany) (XPS). The panoramic spectra were also recorded after argon-ion etching of the 

coating in different depths. Thus, the composition of the coating at different distances from the substrate was 

determined. The pressure of the inert gas in the working chamber was maintained at this level, so that the ion 

energy and the ion current rate, and consequently, the etching rate, were constant. When analyzing the 

obtained spectra, it was considered that the analyzing beam penetrates the material to the depth of 5 nm, i.e., 

the resulting spectra correspond to a layer of material 5 nm thick. 

The adhesion of the coatings was determined by the normal detachment method using the PosiTest AT digital 

adhesion meter. The method is based on measuring the minimum breaking tension required to separate or 

rupture the coating in a direction perpendicular to the substrate surface. 

Corrosion tests were carried out in a salt fog chamber Ascott S450iP in accordance with the international 

standard ASTM B117. 

3. EXPERIMENTAL  

According to the literature, the solutions for the formation of titan-zirconium-containing compounds contain 

hexafluorotitanic and hexafluorozirconic acids as their primary components. Taking into account the 

processability, safety, availability in the present work, cerium nitrogen salt Ce(NO3)3∙6H2O was chosen as the 

main component of the conversion solution. 
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3.1. Determination of the titanium, zirconium-containing coatings depositing process parameters 

Acid concentration ranges, which allowed the formation of continuous coatings on the aluminum alloy surface 

with maximum protective capability have been determined. It was revealed that concentration of H2TiF6 in the 

solution should be in the interval of 1.2-6 g/L, and in the interval of 0.8-1.6 g/L for H2ZrF6 in which the protective 

ability is at its highest (60-69 s). 

Studies made it clear that allowable pH values of solution are present between 4.0 and 5.0 units. Outside this 

range, coatings are either not generated at all (рН ≤ 4.0), or they are nonuniform and broken (рН≥5). 

As can be expected, the protective ability of the coatings depends of the duration of their formation: Akimov 

protective capability rises during the first 60 seconds and then stabilizes. These is constant is consistent with 

the results of ellipsometric research. The coating thickness grows over the first 60 s, then stabilizes at 100 nm. 

Studied is a solution temperature influence on properties of coatings. It is found out that solution heating up to 

40°С doesn’t results in essential changes of outward appearance and defense capability of coatings, while at 

higher temperatures (>40°С) their defense capability has been reduced. That’s why an interval of 18-25 °С 

has been chosen as a working range, and it was noted that the solution heating up to 40 °С (in a summer-

time, for example) is admissible. 

In the process of research, the main patterns of the formation of coatings were revealed. Optimization of the 

composition of the solution and process parameters was carried out. The physicochemical properties of the 

coatings were investigated with the aim of their application as a substitute for chromate coatings. 

Coatings with the best physical and chemical characteristics are formed in a solution with pH=4.0-5.0 at room 

temperature in 2 minutes of the process.  

The chemical composition of the coatings was investigated with the help of X-ray photoelectron spectroscopy. 

The survey spectra of the coatings indicate the presence of titanium, zirconium, aluminum and oxygen in the 

coating. Aluminum is present in the coating in the form of Al2O3 oxide. Zirconium and titanium are present in 

the coating in the form of ZrO2 and TiO2 oxides [24]. 

3.2. Determination of the cerium-containing coatings depositing process parameters 

The dependence of the protective ability of the formed conversion coatings on the duration of treatment in the 

test solution (10 g/l Ce(NO3)3∙6H2O, pH=3.0) was studied. 

It was revealed that coating formation is completed under these conditions by the 20th minute of the process. 

The protective ability of the coatings is stabilized (60 s), and the coating thickness reaches 250 nm. It should 

be noted that the thickness of chromate coatings is usually 500-1000 nm, and their protective ability according 

to the Akimov method is 80-100 s.  

The coating with the maximum protective ability (60-70 s) is formed in the range of cerium nitrate 
concentrations of 6-16 g/l. When the salt concentration is more than 16 g/l, the protective ability (PAA) of 
coatings decreases from 61 to 47 s. In the optimal range of salt concentration, the coating thickness reaches 
250 nm, and when the salt concentration is higher than 16 g/l, the coating thickness is significantly reduced 
(up to 193 nm), which leads to a deterioration of the protective characteristics. 

To improve the protective characteristics of the coating and reduce the duration of its formation, an oxidant 
H2O2 was introduced into the solution, taking into account the information in the literature. The concentration 
range of the solution components was determined, in which coatings with the maximum protective ability 
according to Akimov (up to 80 s) were formed. In addition, it should be noted that the introduction of 30-40 ml/l 
of hydrogen peroxide into the solution promoted the formation of coatings that were more uniform in 
appearance. 
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Figure 1 shows that, in the presence of hydrogen peroxide in the solution, the thickness of the forming coatings 
increases to 320 nm, and the duration of the process is reduced to 10 min. 

The experiments described above were carried out at a working solution temperature of 18 - 25 °C. It was 
found that heating the solution to 40 °C practically does not affect the properties of coatings, further heating is 
undesirable, since it leads to a certain decrease in the thickness and protective ability of coatings. Thus, the 
solution can be heated up to 30 °C in the summer. 

 

Figure 1 Dependence of the protective ability and thickness of the coatings on the concentration of 

Ce(NO3)3·6H2O and H2O2 

The study of the effect of the acidity of the solution on the protective ability of coatings showed that the 

acceptable pH values are in the range of 1.5-3.5, and the optimal values are in the range of 2-3 pH units. When 

the pH of the solution rises to pH≥4, a precipitate of slightly soluble Ce4+ compounds precipitates in the solution. 

The survey XPS spectra of the coating formed in the working solution Ce/H2O2 indicate the presence of 

40.67 % oxygen, 4.68 % cerium, 13.82 % aluminum, 39.02 % carbon in the coating. From the individual 

spectra of cerium and aluminum, it can be seen that cerium is present in the coating in the three - and four-
valent state, and aluminum in the trivalent state. The presence of a carbon peak in the spectrum is explained 

by the deposition of diffusion oil vapor in the pre-chamber of the spectrometer [23]. 

3.3. Tests of the coatings 

Corrosion tests (ASTM B117) in a salt-spray chamber of 5556 aluminum alloy samples with an adhesive 

titanium, zirconium-containing and cerium-containing coatings, painted with polyester powder paint (Ecocolor 

PE RAL 9016/P), were carried out. Tests have shown that the developed titanium, zirconium-containing and 

cerium-containing coatings in terms of protective ability satisfy the requirements for adhesive layers under the 

paintwork, since the width of corrosion penetration from the place of incision in these cases does not exceed 

2 mm after 750 hours of testing (Figure 2).  
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Due to the fact that water-soluble paints are often used in modern painting technologies, the adhesive layers 

under the paintwork must be moisture resistant. The moisture resistance of the coatings was evaluated by 

reducing the protective ability after ten minutes of exposure in water. It was found that the protective ability of 

samples with a titanium, zirconium-containing and cerium-containing coatings practically does not change after 

moisture resistance tests, which means that the coatings remain moisture resistant. 

The strength of paint adhesion for coatings on aluminum alloy with and without various adhesion sub-layers 

was determined by the detachment method (Table 1). The measurements were carried out before and after 

corrosion tests. 

 

Figure 2 Results of corrosion tests (ASTM B117) of samples with an adhesive coating painted with polyester 

powder paint; h- width of corrosion penetration from the place of incision 

Table 1 The results of tests for the adhesion strength of coatings were determined by the method of normal 

detachment using the PosiTest AT digital adhesion meter. 

 
Adhesion strength, МPа Adhesion change, 

% Before corrosion tests After corrosion tests (750 h) 

Ti/Zr 2.32 2.17 6.5 

Ce(III)/Ce(IV) 2.38 2.07 13.0 

Cr(VI) 2.25 1.94 13.8 

АА5556 1.97 1.51 23.4 

Tests showed that the adhesion properties of the developed coatings formed in titanium, zirconium-containing 

solution are comparable with chromate analog. In addition, Ti, Zr-containing coatings have a minimum 

adhesion loss value of 8.3 % after corrosion tests.  

4. CONCLUSION 

As a result it was shown that the developed titanium, zirconium-containing and cerium-containing coatings on 
aluminum alloy 5556 in terms of their protective ability and adhesion properties are comparable to chromate 
coatings and can be an alternative to toxic chromate coatings in the automotive and other industries. 
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Abstract 

Thickness is one of important characteristics of coatings such as thermal barrier coatings, anticorrosion paints 

and others. The thickness of these coatings and its homogeneity can influence their properties and it is often 

measured quantity in industrial applications. Commonly used techniques are limited to a certain combination 

of coating and substrate. Thus, new techniques are still being developed. One of the new promising techniques 

for coating thickness estimation is flash pulse thermography. Its principle is in thermal excitation of a specimen 

with a flash lamp and capturing of thermal response with a high-speed infrared camera. Nowadays, the price 

of those cameras limits the usability of this technique only to scientific and high-tech purposes. This paper 

describes a possibility of replacing high-speed infrared cameras with infrared detectors, whose technical 

parameters are sufficient for this application and which price is significantly lower than the price of the suitable 

infrared cameras. Flash pulse thermographic inspection was applied for a thickness determination of thermally 

sprayed coatings using a high-speed infrared camera and a high-speed infrared detector. A comparison of 

both configurations showed benefits of replacing the high-speed infrared camera with the infrared detector. 

Advantages and disadvantages of both proposed procedures are discussed. 

Keywords: Active thermography, coating thickness, thermally sprayed coatings, thermographic testing, 

thermographic inspection, infrared non-destructive testing, IRNDT 

1. INTRODUCTION 

Coatings are used in many different fields of industry to create surface layers which have different properties 

to the base material (substrate). Commonly coatings are used to protect base material against corrosion, heat, 

wear, acids and many more. For every purpose, different coating materials and coating technologies are used. 

One of the most important parameters of coated layer is its thickness. In case of insufficient thickness or its 

undesirable variation, the coating may not fulfill its purpose and can degrade more quickly. For those reasons, 

the coating thickness is often inspected. 

Nowadays a lot of different destructive and non-destructive methods are used for coating thickness inspection 

[1]. Destructive tests (e.g. metallographic cross-section) provide clear information about coating thicknesses. 

Nonetheless, the problem with destructive tests is that they take a long time to perform, are expansive and the 

tested object is not further usable. Therefore, nondestructive tests are preferred if possible. Many different 

non-destructive testing techniques were developed (e.g. eddy current methods, ultrasonic methods, 

electromagnetic methods) and are used on day to day basis. Each technique is mostly usable only for a limited 

number of materials due to the physical principle of the testing method. Development of a universal fast method 

for coating thickness estimation could save costs and improve quality inspection of coated parts.  

Flash pulse thermography is a promising alternative method for coatings thickness measurement [2], [3]. The 

principle of flash pulse thermography is thermal excitation of a tested object by one very short pulse (<10 ms) 

and recording of thermal response by an infrared camera. The response may show changes in heat transfer, 

which are caused by different thermal properties, which can be caused by thickness differences. The response 
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of the flash pulse thermography measurement is a sequence of images in the infrared (IR) spectrum (video in 

IR). Thickness can be then obtained by advanced processing of the flash-pulse thermography measurement 

response. More about the processing for thickness estimation can be found in [2] or [4]. 

Several articles showed the feasibility of flash pulse thermography for coating thickness inspection [2], [3], [4], 

[5]. Nonetheless, the cost of a necessary equipment is quite high, especially due to the need of a high-

speed/high-sensitivity infrared camera. It limits widespread usage of this method for a common use. This 

disadvantage could be solved by replacing of an IR camera with an IR detector. Comparison of both solutions 

is analyzed and described in this paper.  

2. EXPERIMENT 

Experiments were performed on a sample made by Twin Wire Arc Spraying (TWAS) technology. The substrate 

was 25 x 80 mm plate made of 5 mm thick S235 construction steel. The coating was from Cr13%Fe. It was 

sprayed on the substrate in a way to create 4 zones (labeled A1-A4) with different coating thicknesses. The 

thickness of the zones A1, A2, A3 and A4 was 220, 380, 490 and 590 µm. Visualization of the tested specimen 

is in (Figure 1 a). The cross-section of the specimen at a substrate-coating interface is in (Figure 1 b). 

 
Figure 1 Specimen a) visualization, b) cross-section 

The specimen was measured in 2 configurations. In both cases a flash lamp Hensel 6000 EH Pro was used 

as an excitation source. Covering glass was placed before the flash lamp to suppress the afterglow effect. The 

lamp was placed vertically to the specimen at a distance of 40 cm. 

Two measurement configurations were used. In the configuration 1, the measurement was performed with IR 

camera FLIR SC7650 with NETD 20 mK and integration time 1.4 ms. The acquisition frequency was 250 Hz. 

The resolution of the recording was 320 x 256 pixels. The camera was at the distance of 45 cm from the 

specimen. In the configuration 2, the measurement was performed with an IR detector VIGO PVI-4TE-10.6-

1x1. Data from the detector was recorded by an oscilloscope Hameg HMO1022. The acquisition frequency 

was 1 kHz. The IR detector with Germanium optic was at the distance of 7 cm from the specimen. 

3. RESULTS 

Time series data measured by the IR camera and IR detector are in (Figure 2). Data from the IR detector were 

filtered to suppress noise with Savitzky-Golay filter. Time series recorded by both devices show a similar trend. 

Zones of smaller coating thickness (A1 is the smallest thickness) cool down faster compared to the thickest 

coating (A4). This is caused by the thermal properties of both coating and substrate. In this case, the coating 

has smaller thermal conductivity and diffusivity than the substrate. It should be pointed out that properties of 

the coating are not influenced just by a material composition but also by spraying technology (e.g. porosity can 

influence thermal properties). 
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Figure 2 Measurement response a) IR camera, b) IR detector 

Differences between time series curves are in general too small to distinguish small differences in coating 

thickness. It is also difficult to use these data for a quantitative evaluation of the differences. Thus, advanced 

post-processing techniques were used on both datasets. Fast Fourier transform - phase [5] and P-function 

algorithm [6], [7]. Data obtained from those processing techniques can be used for functional correlation 

between thickness and processed data. In this case it would lead to functional correlation between phase and 

thickness (for Fast Fourier transform) and between characteristic time (P-function) and thickness. 

Results of processed data (Phases and/or P-function characteristic times) are presented in (Table 1). It can 

be seen that the results of the IR camera measurement can be correlated with coating thicknesses. However, 

a clear correlation between the IR detector results and the thickness was not observed neither in the case of 

Phase nor P-function evaluation. The phase falls with the increasing thickness of the coating for the range A1-

A2. However, this trend is disrupted by the A3-A4, where the phase increases. A similar trend disruption can 

be found for P-function, where characteristic time increases for A1-A3 but decreases for A4. 

Table 1 Results of advanced processing algorithms 

  
A1 A2 A3 A4 

Camera 
Phase (rad) -0.39 -0.43 -0.54 -0.59 

P-function (t) 0.09 0.24 0.44 0.59 

Detector 
Phase (rad) -0.24 -0.44 -0.36 -0.29 

P-function (t) 0.27 0.53 0.81 0.34 

The difference was caused due to different measurement units. Both IR camera and the IR detector measure 

radiation flux [8]. The output of the IR camera is temperature or radiation intensity. The conversion between 

the input radiation and the outputs is not linear and it is provided by the IR camera hardware and software 

including a calibration of the device. On the other hand, the output of the IR detector is raw electrical signal 

without any conversion procedures. Subsequent conversion should follow when a standard advanced 

processing is used. 

It is evident from the time series dependences in (Figure 2) that the trends and difference between the 

individual coatings measured by the IR camera and IR detector are similar. However, it was shown that post-

processing procedures standardly used for the evaluation of IR camera flash-pulse measurement cannot be 

used for IR detectors without additional processing of their output signal. This shows that it would be possible 

to detect differences in coating thicknesses. Nonetheless for usage of flash pulse thermography algorithms, 

volts value should be converted to temperature. 
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4. CONCLUSION 

It can be concluded that the IR detector could be used as a replacement for the IR camera for coating thickness 

inspection with flash pulse thermography measurement, but additional calibration steps must be performed. 

Same trends were distinguishable on unprocessed datasets obtained from IR detector and IR camera. 

The biggest disadvantage of an IR detector compared to an IR camera is that it measures just from one point. 

Thereby it is possible to obtain surface distribution of thickness only by the IR camera. In contrast, the IR 

detector provides a point measurement only. However, the advantage of the IR detector is its much lower price 

compared to high-speed and high-sensitivity IR cameras. 
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Abstract 

The paper presents the results of electrodeposition for obtaining chromium coatings with the addition of 

nanodiamonds with a thickness of 10 and 50 μm. The topography of the coatings was investigated by scanning 

electron microscopy (SEM), and the qualitative composition by energy dispersive microanalysis (EDX). 

Potential use as coatings for detail parts has been identified. The hardness and wear resistance of chrome 

coatings have been investigated. It is shown that the addition of 1 mass. % of nanodiamonds in the electrolyte 

significantly improves the properties of the coating even at a thickness of 10 μm. 

Keywords: Chromium, protective coating, electrodeposition, nanodiamond coatings 

1. INTRODUCTION 

Chromium is widely used as a protective coating, as well as for shiny luster such as auto parts or home 

accessories. Chromium coatings can improve corrosion resistance, hardness, and resistance to aggressive 

environments in addition to improving wear resistance [1]. Electrodeposition is the main industrial chromium 

plating method today. This method has a such of problems, in particular: coarse deposition of chromium, 

insufficient thickness and hardness [2]. Each stage requires strict adherence to the technological regulations, 

which, depending on the substrate on which the deposition takes place and the conditions of further operation, 

has significant differences and is selected individually. Modern research is carried out in the field of new 

compositions of electrolytes, as well as the addition of various substances to improve the resulting coatings 

[3-6]. The purpose of this study is to develop a composition, as well as obtain chromium nanodiamond coatings 

with improved characteristics. 

2. EXPERIMENTAL AND DISCUSS OF RESULTS 

Chromium-diamond coatings were obtained by electrodeposition, 

using a mixture of nanodispersed particles of diamonds of static 

synthesis with a range of particle sizes from 2 to 300 nm, as seen in 

(Figure 1). Control of the size of nanoparticles was carried out by 

transmission electron microscopy. Coatings of different thickness 

were obtained on a standard electrolyte (CrO3 - 250 g/l, H2SO4 - 2.5 

g/l) in wear-resistant chrome plating mode (55 °С) with a cathode 

current density of 50 - 60 A/dm2. It should be noted that higher current 

densities, as a rule, give better results in terms of the quality of the 

coating, however, they are rarely used in industry due to their high 

cost and inconvenience in operation (strong gas evolution, electrolyte 

splashing, difficulty in maintaining temperature). 

600 nm 

Figure 1 TEM micrograph of diamond 

nanoparticles 
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As a result of the deposition, chromium-diamond coatings with a predetermined thickness of 10 μm and 50 μm 

were obtained. The exact thickness of the obtained coatings was determined using an OLYMPUS LEXT 

OLS4100 confocal laser scanning microscope. For research, three microsections were prepared with a cross-

section of the coating, which were then polished. The results are shown in (Figure 2). 

  
a b 

Figure 2 Images obtained by measuring the coating thickness on an OLYMPUS LEXT OLS4100 

microscope: a sample with an assumed thickness of a) 10 μm, b) 50 μm 

The exact values of the thickness for the samples were: 11.8 ± 0.2 μm and 46.3 ± 0.2 μm, which corresponds 

to the specified range. It should be noted that the determination of the roughness on the microscope showed 

the arithmetic mean of the absolute values of the profile deviations at a distance of the base length of 0.336 

and 0.395 microns. 

The microstructure of the surface and the qualitative composition were determined by scanning electron 

microscopy with an attachment for energy dispersive microanalysis on a scanning electron microscope JEOL 

JSM 6510 LV + SSD X-MAX of the Center for Collective Use. DI. Mendeleev. As can be seen from (Figure 3), 

the coating is a continuous layer without pores and significant flaws. A larger increase shows the presence of 

agglomerates of particles on the surface, which can probably be explained by the uneven distribution of 

nanodiamonds in the coating (taking into account the size and shape of the particle surface). In this case, 

energy dispersive microanalysis shows the presence of carbon in the coating of the order of 5 wt%. 

The most characteristic indicator in this case is the microhardness of the coatings, which is characteristic for 

industrial applications. The data on the obtained microhardness of the coating without additives of 

nanodiamonds and with an additive for coating of 10 μm are 858 and 932 kg/mm2, respectively. Taking into 

account that nanodiamonds will increase the cost of coatings by no more than 15 %, these values are 

significant. 

Separately, it should be noted that the use of this type of electrolyte at industrial scale can cause significant 

damage to the environment. Unfortunately, from an economic point of view, replacing chromium can 

significantly increase the cost, therefore, it is necessary to include wastewater treatment in the industrial design 

stage of chromium plating. In this case, both traditional and new methods of recovery and deposition can be 

used [7-10]. 
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Figure 3 SEM micrographs (a-d) and spectra of energy dispersive microanalysis (e, f) of samples 10 μm 

thick (a, c, e) and 50 μm (b, d, f). 

3. CONCLUSION 

Thus, due to its more pore-free structure, the chromium-diamond coating also has a higher corrosion 

resistance. Thus, having better properties, the proposed coatings at a cost of 10 - 15 % higher than hard 

chromium plating, can double or more to increase the operating time of parts and assemblies operating under 

conditions of abrasive and corrosive wear. 
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Abstract 

The work is devoted to the study of the process of passivation of zinc and its alloys in ecologically safe 

molybdate-containing solutions in order to replace highly toxic solutions of black chromate passivation.  

The concentration range of the solution components was determined, in which black coatings are deposited, 

corresponding to a point of 10 on a ten-point color scale. It was found that the optimal pH values of the solution 

are in the range from 4.8 to 5.2 units. At lower pH values, adhesion deteriorates and the black color of coatings 

degrades, at higher pH values, coatings do not form at all. High-quality deep black coatings (10 points) are 

formed at temperatures of 45-85 oС.  

The color of the coatings changes from rainbow to black depending on the duration of their formation; the 
coatings of deep black color are formed with a process duration of at least 5 minutes. It was found that the 

coatings contain molybdenum oxides (IV, V, VI) and zinc oxides. 

Has been developed the technological process of passivation of zinc surfaces in a solution containing (g/l): 

14-20 (NH4)6Mo7O24; 10-18 CH3COONa; 1-5 NiSO4·6H2O, which allows the formation of black molybdenum-

containing coatings at t = 45-85 oС and  = 7-10 min, comparable in protective and optical characteristics with 

black chromate coatings. 

Keywords: Corrosion protection, molybdenum-containing coatings, chromate-free passivation of zink plated 

steel, black decorative coatings, black light absorbing coatings 

1. INTRODUCTION 

Black passivating conversion coatings on zinc surfaces are used in a number of industries as protective and 
decorative coatings (furniture fittings, hardware, panels, instrument accessories and etc.), as well as light-
absorbing coatings in solar technology (in collectors that convert light energy into thermal energy, and in other 
optical devices). To obtain such coatings, converting solutions based on hexavalent chromium compounds are 
used, in which chromate films are formed, which have a high protective ability and the ability to «self-heal» in 
case of mechanical damage to the film. The coatings consist mainly of chromium hydroxochromates 
Cr(OH)CrO4 (up to 95 %) and zinc Zn(OH)2CrO4 (up to 5 %), as well as a small amount of copper or silver 
oxides, which give the coatings a black color [1]. The disadvantages of chromating solutions are their high 
aggressiveness and toxicity. The use of solutions and coatings containing Cr6+ compounds has been limited 
since 2000 by regulatory documents in a number of countries in Europe, Asia and America, as well as in the 
Russian Federation [2-5]. 

An environmentally safe substitute for chromate passivation of zinc and its alloys can be passivation in 
molybdate-containing solutions, since molybdate ions, as is known, just like chromate ions, inhibit the corrosion 
processes of these metals [6-9].  

Taking into account the above, this study is devoted to the development of a low-toxic process of black 
passivation of the surface of zinc and its alloys, which is not inferior to existing analogues in terms of protective 
and optical characteristics, in solutions based on molybdenum compounds. 
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2. EXPERIMENTAL MATERIALS 

As samples, we used galvanized plates of cold rolled steel grade 1008 measuring 0.2 cm x 0.2 cm and plates 

made of alloy Zamak ZL5. Zinc plating of steel samples was carried out in a weakly acidic electrolyte of 

composition (g/l): 60 - 120 ZnCl2; 200 - 220 NH4Cl2; 0 - 20 H3BO3; i = 0.2 - 0.3 A/dm2; t = 18 - 30 °С; pH = 4.5-

6.0. The steel samples were preliminarily degreased in an alkaline solution containing 100 ml/l TsKN-63 for 5-

10 minutes at a temperature of 30 - 70 ºC in an ultrasonic bath «Ultrasonic washing unit», after which they 

were etched in a solution of 10 % hydrochloric acid and activated in 10 % sulfuric acid. Before passivation of 

zinc surfaces, they were clarified in a 0.5 % solution of nitric acid, followed by rinsing in distilled water.  

The XPS spectra of conversion coatings were recorded using a special CLAM100 camera installed on an HB100 

Auger microscope (Vacuum Generators, GB). According to the results of the study, the survey spectra of the 

coatings were obtained, which were decomposed into the component spectra of the elements after subtracting 

the linear background [10].  

The reflectance of solar radiation of the coated samples was determined with an FM-59M photometer. The value 

of the absorption coefficient of solar radiation αs was calculated by the formula: αs = 1 - ρs, where ρs is the 

reflection coefficient of solar radiation. 

The limiting wetting angle of the investigated surfaces was determined using the «Goniometer LK-1» 

installation. Photographs of drops were taken with the Levenhuk C310 NG camera, and then the limiting 

wetting angle was calculated using the DropShape software. 

Corrosion tests of samples with the obtained coatings were carried out in a salt fog chamber Ascott S450iP 

(Great Britain) in accordance with the international standard ASTM B117.  

As an object of comparison, a black chromate coating was chosen, obtained using the German composition 

Corroblack, which is used by a number of domestic manufacturers. 

3. EXPERIMENTAL  

It is known that solutions for obtaining black molybdenum-containing coatings must contain ammonium 

paramolybdate ((NH4)6Mo7O24) and sodium acetate (CH3COONa) [11]. 

3.1. Determination of the molybdenum-containing coatings depositing process parameters 

The experiments made it possible to determine the range of concentrations of ammonium paramolybdate and 

sodium acetate, in which it is possible to obtain black coatings corresponding to a point of 10 on a ten-point 

color scale (Figure 1). It should be noted, however, that the forming coatings, including in the selected area 

of component concentrations, were characterized by insufficiently high adhesion, as a result of which the 

coatings were smeared - leaving marks on the hands.  In order to eliminate this drawback, a small amount of 

nickel ions was introduced into the solution, which, as is known, have a beneficial effect on the adhesion of 

conversion coatings (phosphating and etc.) [12,13]. It turned out that in the presence of nickel ions (in the form 

of NiSO4·6H2O) in the solution of 0.22-1.12 g/l, the coatings formed in them cease to smear, and their deep 

black color is not disturbed.  

It was also found that the optimal pH values of the solution are in the range of 4.8-5.2 units. At lower pH values, 

adhesion deteriorates, and the black color of the coatings degrades, at higher pH values, the coatings do not 

form at all. The study of the effect of the temperature of the solution on the characteristics of the coatings 

showed that high-quality coatings of deep black color (10 points) are formed at temperatures of 45-85 oС. In 

colder solutions, coatings with poor adhesion are formed, and in hotter solutions, coatings of a rainbow color 

are formed.  
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Figure 1 Dependence of the appearance of coatings on concentration (NH4)6Mo7O24 and CH3COONa 

In the course of experiments, it was found that the color of the coatings changes from rainbow to black, 

depending on the duration of their formation. Deep black coatings are formed with a process duration of at 

least 5 minutes. To explain this phenomenon by the method of X-ray photoelectron spectroscopy, it was 

investigated how the composition of the coatings changes as they are formed. Survey XPS spectra revealed 

the presence of zinc, oxygen, and molybdenum compounds of various valences (IV, V, VI) in the coating. 

Individual spectra of molybdenum in coatings formed in 0.5, 3 and 10 min showed that with an increase in the 

duration of the process, the content of molybdenum (V) oxide increases, molybdenum (VI) oxide decreases, 

and the content of molybdenum (IV) oxide remains practically unchanged. The consequence of this, 

apparently, is the dependence of the color of the coating on the duration of treatment.  

Taking into account the results of XPS spectroscopy, the following mechanism of coating formation can be 

assumed. Electrons released during the anodic dissolution of the zinc substrate (1) go to the reduction of Mo6+ 

to Mo5+ and Mo4+ (2-3):  

Zn → Zn2+ + 2e                                                                     (1) 

2(Mo7О24)6- + 14e- + 13H+ → 7Mo2O5 + 13OH-                     (2) 

(Mo7О24)6- + 14e- + 10H+ → 7MoO2 + 10OH-                                (3) 

(Mo7О24)6- + 14e- + 3H+ → 7MoO3 + 3OH-                             (4) 

Due to the occurrence of reactions (2-4), alkalization of the solution occurs at the metal-solution interface, 

leading to the deposition of a conversion film consisting mainly of molybdenum oxides of various valences and 

zinc oxide.  

3.2. Tests of the coatings 

The optical characteristics of molybdenum-containing coatings are studied depending on the duration of the 

passivation process. It was found that as molybdenum-containing coatings are formed, the absorption 

coefficient of solar radiation increases and by the end of the process reaches a value of αs ≈ 0.85, which is 

comparable to the analogous characteristic of chromate black coatings αs ≈ 0.93 (Figure 2). Tests of coatings 

for resistance to aging showed that after 60 days black molybdenum-containing coatings not only did not lose 
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their black color, but their absorption coefficient even increased slightly (from 0.85 to 0.89). This indicator for 

black chromate coating after 60 days decreased from 0.93 to 0.91. 

 
Figure 2 Dependence of the optical characteristics of molybdenum-containing coatings  

on the duration of the process 

It is known that the limiting wetting angle of surface indicates the degree of surface hydrophobicity and can 

serve as a criterion for its corrosion characteristics [14]. Studies have shown that molybdenum-containing 

coatings formed within 7-10 minutes are characterized by the largest limiting wetting angle (70 °) and, 

therefore, the greatest corrosion resistance. For comparison, it should be noted that the limiting wetting angle 

of the black chromate coating is only 47 degrees (Table 1). 

Table 1 Dependence of the limiting wetting angle of coatings on the duration of the process 

Process duration (min) 0.25 0.5 1 3 5 7 10 

Limiting wetting angle (0) 55 57 60 64 66 70 70 

Corrosion tests in a salt fog chamber showed that the time until the first spots of corrosion of zinc with black 

molybdenum-containing coatings appears is 65 hours, and with black chromate coatings it is slightly longer - 

72 hours.  

The possibility of forming black molybdenum-containing coatings on the alloy Zamak ZL5 has been 

investigated. It should be noted that during passivation in the developed solution of zinc alloy Zamak ZL5, the 

characteristics of the forming coatings do not differ from coatings on a zinc substrate, while black chromating 

solutions do not allow obtaining black coatings on Zamak.  

4. CONCLUSION 

A technological process has been developed for passivation of zinc surfaces in a solution containing  

(g/l): 14-20 (NH4)6Mo7O24; 10-18 CH3COONa; 1-5 NiSO4·6H2O, which makes it possible to form at t = 45-85 °C 

and  = 7-10 min black molybdenum-containing coatings comparable in protective and optical characteristics 

with black chromate coatings. 
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Abstract 

At present, the research in the field of energy and resource-saving phosphating technologies is being 

continued, including the processes of applying adhesive and anticorrosive phosphate layers. The phosphating 

used in the industry is energy-intensive due to the high operating temperatures of the processes, which is 

necessary to obtain high-quality coatings in a technologically acceptable time. In addition, traditional zinc 

phosphate solution phosphating processes operating at moderate to low operating temperatures typically use 

sodium nitrite salts as an accelerating agent. In the course of the studies, we have found that the introduction 

of an ecologically safe nitrogen-containing accelerator into the phosphating electrolyte makes it possible to 

reduce the temperature of the phosphating process down to room temperature and to abandon toxic nitrate 

and nitrite compounds. 

We have carried out studies of the low-temperature sedimentation process of crystalline phosphate coatings, 

which allows to obtain phosphate layers with an increased protective ability (PA). We have developed low-

temperature phosphating solutions, operating at a temperature of 20-27 ºC, allowing to obtain adhesive 

phosphate coatings with a specific weight of 3.0 g/m2, suitable as an underlayer for paint and varnish coatings, 

and anticorrosive coatings with a specific weight of 7.5 g/m2. It was revealed that phosphate layers of various 

thicknesses are formed from the same solution at different temperatures. They can be used to form 

anticorrosive layers for oiling with a specific gravity of up to 8.0 g/m2 and adhesion layers for coloring with a 

specific gravity of up to 5.0 g/m2. 

Keywords: Low-temperature phosphating, corrosion protection, conversion coatings, surface treatment 

1. INTRODUCTION 

Crystalline phosphate coatings are often used as an adhesive underlayer under paint and varnish coatings, 

including the processes of cataphoretic dyeing [1-3]. Strong adhesion to the surface of the product, the 

roughness and porosity of such layers cause good adhesion of the organic coating to the surface of the 

product. It is believed that the contribution of the phosphate coating to improving the adhesion of the paintwork 

is due to an increase in the true surface of the painted product, which leads to an increase in the amount of 

chemical bonds formed between the base and the paintwork. The absorption of the paint by micropores of the 

phosphate layer and chemical reactions between unsaturated resins of the paintwork material and phosphates 

included in composition of the phosphate coating also play important role in the improvement of the adhesion. 

Finally, due to low electrical conductivity, phosphate films protect the metal well from the underfilm corrosion - 

the spread of corrosion spots that occur under the paintwork layer, for example, when it is mechanically 

damaged. Phosphating is a rather energy-consuming process, since the operating temperatures of 

phosphating solutions traditionally used in industry reach 55 - 90 °C. The use of such temperatures leads to 

increased energy consumption and sludge formation, also a need to change and clean the heating elements 

[4]. There are scientific publications in which the possibility of carrying out the process at low temperatures is 
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investigated [5-14]. However, phosphating compositions contain derivatives of nitric or nitrous acids, which 

complicate cleaning of the wastewater. Such improvements as reduction of the toxicity of solutions and 

improving the quality of the resulting coatings are required. 

2. EXPERIMENTAL MATERIALS 

For the preparation of phosphating solutions, reagents of "pure", "chemically pure" qualifications and distilled 

water were used. The acidity of the solutions was controlled by the addition of a NaOH solution. As samples 

for the deposition of phosphate coatings, plates of cold-rolled low-carbon steel 08 were used. 

The samples were degreased and activated before coating. Surface morphology was studied using a LEXT-

OSL 4100 Olympus confocal microscope.  

The main characteristics of the phosphate coatings are the specific gravity of the phosphate layer, the mass 

of the base metal etched off in the process, and the protective ability, assessed by the accelerated method 

using Akimov's reagent. Anti-corrosive phosphate coatings with a mass of at least 5.0 g/m2 are treated with 

oils, while coatings with a mass of not more than 5.0 g/m2 are allowed for coloring (for electrophoretic painting 

less than 3.5 g/m2).  

The protective ability (PA) of phosphate coatings was determined by the drop method using a solution of the 

composition CuSO4 5H2O 82 g / l; NaCl 33 g / l; 0.1N HCl 13 ml / l (Akimov's reagent). The method is an 

applying of a drop to the surface of the phosphate coating, the reagent reacts with iron in the pores of the 

phosphate film, changing the color of the drop. Thus, it is possible to estimate the protective ability of coatings 

in seconds [15]. 

The corrosion resistance of the surface of phosphated and painted with polyester powder paint Ecocolor PE 

RAL 9016 / P steel after treatment in the Ascott S450iP salt spray chamber was evaluated in accordance with 

[16] and the international standard ASTM B117 (SCAB test). The width of propagation of underfilm corrosion 

from the notch h (mm) was measured.  

The adhesion of polyester powder paint Ecocolor PE RAL 9016 / P was determined in accordance with the 

international standard ASTM D 3359 and with a help of an Elcometer 107 adhesion tester using the lattice 

notch method. 

3. EXPERIMENTAL  

In order to develop a process for low-temperature phosphating of steel, it was decided to study the solution, 

depositing the coating at temperatures relatively low for existing technologies - 20 - 30 °C. 

Preliminary experiments have shown the possibility of forming phosphate coatings in a low-temperature 

solution with a minimum amount of components - salt-forming zinc ions and phosphoric acid anions when 

using hydroxylamine as an accelerator introduced into the solution instead of the well-known accelerators of 

nitrite and sodium nitrate. It was found that the optimal concentration of the accelerator required for the 

formation of the highest quality phosphate coatings in the temperature range from 20 to 30 °C is in the range 

from 2.0 to 3.5 g/l for each phosphating composition. At a lower concentration, coatings with a lower protective 

ability are formed, often discontinuous, and an increase in concentration does not lead to a significant change 

in the properties of the phosphate layers. Therefore, the optimal concentration of hydroxylamine is taken as 

2.5 g/l. 

It was found that at room temperature, continuous phosphate coatings are deposited in certain ranges of 

concentrations of layer-forming components, highlighted in gray in (Figure1). 
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It was found that coatings with high protective characteristics are deposited from the compositions in which 

the molar ratio of zinc ions to phosphoric acid anions is 1: 4. An increase in the concentration of phosphoric 

acid in solutions above certain values leads to a decrease in the protective characteristics of the coatings. 

 

Figure 1 Appearance of the phosphate coatings depending on the concentration of the layer-forming 

components in the solution 

Thus, a number of compositions from the previously considered concentration range were determined, with 

the optimal ratio of layer-forming ions (Table 1). 

Table 1 Compositions of the phosphating solutions 

Component,  

(g/l) 

Phosphating solution 

1 2 3 4 5 6 7 8 

Zn2+ 0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 

PO4
3- 3.7 7.5 11.4 15.6 18.2 21.8 25.4 30.0 

Figure 2 shows the main characteristics of the phosphate coatings formed in these solutions in 15 minutes of 

the process. It was found that an increase in the concentration of layer-forming ions leads to a gradual increase 

in the specific gravity of the coatings, however, a significant increase in the protective ability is observed only 

up to a certain concentration, an increase above does not give noticeable advantages in protective 

characteristics. 

The Figure 2 shows that solutions with a zinc concentration of less than 2 g/l form layers with a low mass. As 

a solution that forms an adhesive phosphate coating, it is advisable to use 3-5 solutions, in which layers 

weighing up to 4.5 g/m2 with a good protective ability are formed (70 seconds). Solutions with a concentration 

of more than 5 g/l of zinc ions are suitable as independent anticorrosive layers for oiling. Anti-corrosive 

phosphate coatings with a mass of at least 5.0 g/m2 are treated with oils, while coatings with a mass of not 

more than 5.0 g/m2 are allowed for coloring (for electrophoretic painting less than 3.5 g/m2). Such masses 

comply with the recommendations for phosphating, including ensuring good physical and mechanical 

properties and increasing the corrosion resistance of paint and varnish coatings. The maximum specific gravity 
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of the phosphate film is formed in 15 minutes and is about 7.5 g/m2. The maximum value of the protective 

ability, measured by the drop method using Akimov's reagent (PA), is 160 seconds with a process duration of 

25 minutes. A further increase in the duration of the process leads to a slight decrease in the thickness of the 

phosphate layer, but at the same time, apparently, the pores of the coating are filled with precipitated 

phosphates, which is the optimal phosphating time at a given temperature. 

  

Figure 2 Dependence of the mass of the phosphate layer mph, the mass of the etched metal mMe, and the 

protective ability of PA on the composition of the phosphating solutions 

It was found that at different temperatures phosphate films of various thicknesses are formed from the same 

solution, at a phosphating solution temperature of 50 °C, phosphate layers are formed in a shorter time. In this 

solution, a layer with a specific gravity of 5 g/m2 with the highest protective ability of 180 seconds is formed in 

5 minutes. 

A decrease in the concentration of zinc ions in solution makes it possible to obtain adhesive phosphate 

coatings with a lower specific gravity of 3.0 g/m2, suitable as an underlayer for paint coatings applied by 

cataphoresis and anaphoresis painting. It was determined that at a temperature of 20-22ºС, coatings with a 

protective capacity of 20 seconds are formed in 10 minutes of the process. It was found that painted phosphate 

coatings have exceptionally good adhesion (according to ASTM D3359) - class 0, which have not deteriorated 

even after corrosion tests. 

It has been established that it is possible to use an aqueous dispersion of diamond nanoparticles with a 

concentration of 0.1 g/l as an activator for phosphating to increase the protective characteristics of the 

phosphate coating. It is shown that the use of this activator leads to an increase in the protective ability of the 

coatings from 20 to 35 seconds with a slight increase in the specific mass of the phosphate layer to 3.2 g/m2 

with a preliminary exposure of 30 seconds in this aqueous dispersion. Thus, this activation composition can 

be used as a replacement for traditional industrial activators of the phosphating process. 

Examination of the surface of the samples using a microscope have revealed an obvious difference between 

the coatings formed in solutions of different operating temperatures. The operating temperature of the 

phosphating solution has a significant effect on the roughness of the forming phosphate layers. As it can be 

seen from (Figure 3), at room temperature the film is coarser and rougher (roughness value Rz = 5.854 µm; 

Ra = 0.866 µm), at a temperature of 50 °C, a film with small "crosslinked" crystals and lower roughness is 

formed (roughness value Rz = 3.309 µm; Ra = 0.563 µm). 
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Figure 3 Photos and surface roughness of phosphate coatings, formed at 22 ° С (a) and 50 ° С (b) 

Corrosion tests carried out according to [16] showed that the investigated phosphate coatings do not corrode 

for 15 minutes in a sodium chloride solution, and oiled phosphate coatings formed in a low-temperature 

solution do not corrode for 2 hours. Thus, the layers formed in the test solution at room temperature can be 

used as independent anticorrosive coatings. Corrosion tests of painted adhesive phosphate coated steel 

samples in a salt spray chamber for 240 hours showed that the phosphate layers deposited at 50 °C met the 

requirements of ASTM B117.  

4. CONCLUSION 

It is shown that the use of an aqueous dispersion of diamond nanoparticles with a concentration of 0.1 g/l as 
an activator leads to an increase in the protective ability of coatings with a slight increase in the specific mass 
of the phosphate layer 

Solutions of low-temperature phosphating have been developed, allowing to obtain phosphate coatings with a 
specific gravity of 3.0 g/m2 with satisfactory protective properties to protect steel against corrosion in 
combination with paint-and-lacquer coating applied by the method of anaphoresis or cataphoresis painting and 
phosphate layers weighing 5.0-7.5 g/m2 with an increased protective ability. The optimal conditions for the 
process of obtaining crystalline coatings for subsequent oiling and coloring have been determined. 

A significant reduction in energy consumption is achieved by reducing the operating temperature of the 
phosphating solution to 20-30 ºС. 

Carrying out the process at lower temperatures will reduce the energy costs of production and increase the 
competitiveness of the developed process in comparison with the existing steel phosphating technologies. 
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Abstract 

The article describes an integrated expert system that describes the models of actions of technologists and 

designers, helping to efficiently work in modern production conditions and meeting their requirements. The 

proposed system contains algorithms that allow you to optimize complex chemical-technological processes, 

characterized by an arbitrary discipline of production. The structure of the expert system and its functions are 

described. 

Keywords: Expert system, chemical-technological process, paints and varnishes, algorithm 

1. INTRODUCTION 

The production of paints and varnishes in the current economic situation is characterized by frequent structural 

modifications of the product range, which adequately reflect the state of the consumer market [1-2], to which 

production must quickly adapt, while spending a minimum amount of resources. Manufacturing that meets 

modern requirements is designed and created under conditions of incomplete, poorly formalized information, 

and therefore it is advisable to design it using the methods of an integrated expert system (ES) specially 

developed for this purpose, the structure and functions of which are below. 

The developed ES, along with traditional means that simulate the actions of technologists and designers, 

contains effective algorithms for the optimization of chemical-technological systems (CTS) with a complex 

hardware structure and an arbitrary discipline of production. 

The expert system consists of information-logical and calculation subsystems. The function of the information-

logical subsystem of the ES consists in the choice by the designer in the dialogue mode of the type of hardware 

composition, the structure of technological systems, types of technological equipment adequate to the range 

of products, an optimizing mathematical model, as well as effective algorithms for structural and parametric 

optimization [3-5]. The ES calculation subsystem optimizes the hardware structure and the hardware 

composition of the chemical-technological system. In order to select the set of admissible objects in each of 

their classes, admissible combinations of values of information signs are determined. 

The search for the optimal route for solving the problem of optimizing the chemical-technological system for 

the production of paints and varnishes is carried out in the form of a multipurpose procedure. First, the optimal 

types of technological equipment are selected for each stage of the technological process for obtaining target 

or intermediate products [4-7]. Structural and functional elements act as information signs of standard 

technological equipment. The conjunction of the values of information signs determines the structural type of 

the apparatus. For non-standard technological devices, the values of some information features cannot be 
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practically realized, therefore, the design of non-standard equipment is determined by the methods of 

morphological analysis. 

2. ALGORITHM 

To optimize the route, admissible objects are pre-selected; in this case, objects characterized by the combined 

values of information signs are considered acceptable. The determination of the admissibility of optimization 

objects was carried out by the method of morphological analysis in the form of a morphological box, which is 

applied to non-standard technological equipment, structural types of technological systems, classes of their 

optimizing structural-functional models and to optimization algorithms. For this purpose, for each class of 

objects under study, a space of information signs is formed: 

),1( niF i                 (1) 

which describe the objects under study with sufficient completeness. Each feature is assigned a set of values 

Ai
p (i = 1, Ji). A list of lists is constructed by enumerating various combinations of features A1
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The process of morphological analysis is formalized in the form of a matrix of binary relations Bi,k (i,k = 1,n), 

elements of which bi,k
p,q take values: 






1

0
,

,

ki

qpb                (3) 

where: 

0 if the values Ai
p and Ak

q are inconsistent 

1 if the values Ai
p and Ak

q are consistent 

A necessary condition for the admissibility of the optimization option is the fulfillment of the equality: 

1
1

1 1

,

,1









 


 

n

i

n

ik

ki

JJ k
b               (4) 

corresponding to the pairwise compatibility of all characteristic values included in the variant. 

Then, using the method of searching for non-dominated alternatives, the optimal one is selected from the 

admissible options for the hardware design of each stage of the technological process. The search for 

alternative types of devices and the hardware structure of X technological systems, as well as classes of 

structural-functional models and optimization algorithms, is formally a task of multi-criteria optimization with 

fuzzy information. 

With known membership functions of fuzzy criteria for a set of objects X, a system of fuzzy binary relations of 

non-strict R and strict P preference relations is determined <R, P>. Under the assumption that it is advisable 

to select an object by the totality Ck - criteria (k = 1, m), even for small values of some of them, the choice is 

carried out according to a compromise model, in accordance with which the membership functions of a strict 
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µR (x, y), non-strict µP (x, y) preference of object X over object Y and fuzzy choice µP (x), are sequentially 

calculated using the following formulas: 

Xyxxyyx kkkR   ,)],()([1),( ���           (5) 

)]()(,0max[)()( xyxy kkkk ����             (6) 
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where: 

θ is the symbol of limited subtraction 

αk is the normalized weighting coefficient of the k-th criterion Сk 

µR (x, y) is the membership function of strict preference of object X to object  Y 

µP (x, y) is the membership function of non-strict preference of object X to object Y 

µP (x) is a fuzzy choice function 

The weight coefficients αk of the criteria Ck are obtained by the corresponding processing of the matrix A, 

formed in accordance with the Saaty scale. Moreover, a necessary and sufficient condition for the existence 

of αi formed in accordance with the Saaty scale. Moreover, a necessary and sufficient condition for the 

existence of: 

jia
j

i
ji ,,, 
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Where αi,j is an element of the matrix A.  

Since in practice this condition is often not met, the values of αi are calculated by the least squares method.  

As a result of the first stage of the least squares method, a matrix of incidence of structural types of 

technological devices to the stages of the technological process is formed, the elements of which are 

determined as follows: 





 ,
0

1
, jie              (10) 

where: 

1 if the apparatus of type j is active in the technological process i 

0 if the apparatus of type j is not active in the technological process i 

The second stage of the least squares method consists in choosing the optimal type of instrumental structure 

of chemical-technological systems for obtaining multi-product products based on the matrix E. Various 

algorithms for structural optimization of chemical engineering systems are possible. Formally, the structural 

optimization problem is the listed combinatorial problem, the algorithms for solving which have exponential 
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complexity. When listing options for solutions, there is a danger of losing the optimal solution. In the process 

of solving the problem of structural optimization of multi-product CTS, restrictions are formed on the time of 

release of assortment products. The procedure for searching for the optimal structure of a chemical system 

begins with calculating the matrix Gm×m by algorithm G = E · ET. 

The matrix Gm×m is a matrix whose elements are the number of equipment types that are used in the production 

of product pairs. The resulting matrix is symmetric about the right diagonal, so it can be converted to 

rectangular. After determining the possible structural types of CPS by the method of morphological analysis, 

their permissible structural types are specified, taking into account the completeness of the space of 

information signs, after which, by the search for non-dominated alternatives, the choice of the optimal structural 

type of the technological system is performed. Optimization of the type of hardware structure is possible only 

if it is possible to quantitatively express fuzzy quality criteria. 

The stage of choosing the CES hardware structure ends with the formation of a system of time constraints, 

which are part of the CES structural and functional model. The type of these restrictions depends on the type 

of the apparatus structure of the chemical-technological system and method of interaction of technological 

devices. 

After determining the admissibility of the CPS classes according to the above algorithm, their priority is 

determined by the method of finding non-dominated alternatives. A similar procedure is also used to determine 

the structural-functional models and the efficiency of optimization algorithms. 

3. ALGORITHM APPLICATION. EXAMPLE 

Let's consider an example of the work of the information-logical subsystem of the developed expert system: 

Working with the program begins with the selection of the required assortment (Table 1). 

Table 1 Selection of assortment of paints and varnishes 

Name of the range of paintwork materials Quantity, tons / year 

Primer GF-0119 500 

Varnish PF-283 500 

Enamel PF-115  

white 500 

cherry 250 

protective 250 

Enamel PF-226  

yellow-brown 250 

red-brown 250 

Enamel ML-12  

white 250 

coffee 250 

blue 250 

The result of the algorithm is a list of types of recommended technological equipment. 

Table 2 contains a list of recommended equipment required for the production of selected paints and 

varnishes. 
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Table 2 Selection of equipment for the production of paints and varnishes 

Shop name Characteristics of technological equipment 

Reactor department Induction heated reactor equipped with agitator and coil 

Mixer with cooling jacket with agitator 

Shell and tube heat exchanger (reactor condenser) 

Shell and tube heat exchanger (mixer condenser) 

Dispersion department 

 

 

 

Dissolver for continuous mixing 

Mixer equipped with agitator 

EHP Type Horizontal Bead Mill 

Cartridge filter with filtering elements "Cuneau" 

Subsequently, in the course of the program, the characteristics of individual devices can be changed (if the 

developers have similar free equipment). At the same time, the expert system checks the suitability of such 

devices for the production of paints and varnishes using the above algorithms. 

4. CONCLUSION 

Using this expert system, the formulations of the selected assortment of paints and varnishes are determined, 

and therefore, the types and rates of consumption of raw materials, as well as energy costs. In other words, 

capital (equipment) and operating (working capital) costs are determined by analyzing the goal via the Internet 

for the resulting hardware and technological production scheme. All this allows you to determine the 

effectiveness of the proposed technology and its payback, that is, as a result of the work, you can make a 

commercial offer for the investor. 
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Abstract 

Pressing in dies followed by sintering is the most commonly used process for shaping metal powders into 

components. The mechanical properties (e.g. tensile and fatigue strength) of the final sintered component 

depend on the green-compact properties resulting from the compaction process. Apart from the powder 

material used, process-specific factors, such as geometry complexity, compaction pressure and lubrication 

strategy, have a major impact on the properties of the green compact. The lubrication strategy is also decisive 

for the economic efficiency of the process as it influences the service life of the tools. 

Friction-reducing powder-compaction tool coatings (e.g. diamond-like-carbon-based / DLC) provide the 

potential to positively influence the lubrication conditions during compaction and ejection, thus simultaneously 

improving product quality and service life. In this study, experimental investigations on the performance of 

friction-reducing coatings in the die pressing of steel powder (Fe + 0.6 wt% C) with and without admixed 

lubricant (AncorLube, GKN Hoeganaes) are presented. The results are evaluated by force-displacement 

measurements, which allows for a more profound analysis of compaction and ejection behaviour. It is shown 

that the application of the coatings reduces the ejection loads significantly when no admixed lubricant is used, 

and moderately when lubricant is admixed. However, without lubricant, wear still occurs after a few pressing 

cycles, so it cannot be completely avoided.  

Keywords: DLC-coating, powder metallurgy, metal powder compaction, lubrication 

1. INTRODUCTION  

The main advantage of powder metallurgy (PM) over other manufacturing processes is the possibility to mass-

produce structural components with tight dimensional tolerances and the required mechanical properties in a 

cost-effective way [1]. In addition, PM offers ecological advantages due to its high material utilisation and low 

energy consumption [2]. 

In conventional PM processes, powder consolidation is divided into shaping by mechanical compaction and 

subsequent sintering to form a material bond. The PM shaping process most commonly used in the industry 

is the double-sided compaction in dies [1]. In this process, the powder is filled into a die and then compacted 

evenly from both sides by opposing punches. Finally, the so-called green compact is ejected by the lower 

punch. 

The properties of the green compact are decisive for the final component properties [3]. Thus, the green density 

impacts the final density of the component after sintering and therefore the mechanical properties, such as 

tensile strength, elongation at break and fatigue strength [4]. The green density is in turn governed by the 

compaction process and depends on material- and process-specific variables [5]. In this regard, important 

material-specific parameters are grain geometry, grain size and the powder material used [1]. On the process 

side, the compaction pressure, the ejection force [6] and the lubrication strategy for friction reduction [7] are 
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crucial. Usually, a lubricant or pressing aid is admixed to the powder in small quantities (<1 wt%) and the 

powder is then thoroughly mixed (powder lubrication). With optimal dosage, the powder compressibility and 

thus the green density and homogeneity can be increased [8]. Consequently, the reduction of friction has a 

positive impact on process stability and component properties [9].  

In order to evaluate the friction conditions during die compaction in practice, the ejection behaviour is often 

investigated by analysing the force-displacement or time diagram [10]. Many studies exist on this subject, most 

of which focus on the variation of the lubricant added or its quantity. Larsson and Ramstedt compared different 

types of lubricants (metal soap, amides and composite lubricant) in their investigations and evaluated each of 

them with regard to pressing and ejection behaviour [11]. Paris et al. follow up on this with their research and 

provide a review of commercially available high-performance (composite) lubricants by comparing those with 

a well-known and widely used EBS wax Acrawax C [12]. To further increase lubrication performance and 

efficiency, Larsson and Knutsson investigated the influence of heated tools (up to 90 °C) on the pressing and 

ejection behaviour for different composite lubricants and showed the high potential of this method for making 

high-density PM parts [13]. 

Besides the choice of the appropriate lubricant, the use of friction-reducing coatings is another promising 

approach to positively influencing the friction conditions. In this context, Ernst investigated - among other 

things - the influence of different coatings on the compaction and frictional forces during pressing and 

calibration [14]. The use of a DLC coating (diamond-like-carbon) reduced the (over the entire compaction and 

ejection process) averaged frictional shear stresses occurring on the die and finally resulted in a significant 

increase in tool life. However, the influence of the different coatings under varying process parameters 

(compaction pressure, lubricant and lubricant quantity) was not investigated. Bonnefoy et al., on the other 

hand, studied these correlations with the help of a sliding piece device, which allows fast predictions regarding 

the application behaviour for the parameter combinations selected [15]. Again, the DLC-based coatings (in 

combination with admixed lubricant) performed best in terms of friction behaviour. However, due to the model-

like test method, no statements could be made about the practical compaction and ejection performance. 

A further model-based method was developed by Olsson using a modified scratch tester. The setup allows for 

measuring the fretting resistance between metal powders and tool materials [16]. By this means, the 

tribological performance of different surface conditions could be investigated under conditions similar to 

powder pressing, achieving the lowest initial and steady-state friction values with DLC-based coatings [17]. 

Here, too, no quantitative statements could be made about the practical compaction and ejection behaviour of 

the coatings due to the model-based test procedure. 

1.1. Objective and Approach 

In this paper, the ejection performance of friction-reducing coatings in die compaction is investigated, focussing 

on the correlation between lubrication strategies (conventional vs. coating), compaction and ejection 

behaviour. 

Within the investigations, iron-powder mixtures (with and without admixed lubricant) were compacted double-

sided under varying compaction pressure and surface modification (with and without coating). To evaluate the 

results, force-displacement profiles were recorded during powder compaction and ejection and characteristic 

values (stripping and sliding shear stress) were calculated from them. 

2. MATERIALS AND METHODS 

The tests were performed on a path-controlled, hydraulic multi-axis powder press HPM 200 E2 from SMS Meer 

using cylindrical dies (inner diameter x height = 40 mm x 90 mm) made of cold work steel (1.2379, AISI D2). 

The dies were quenched and tempered to 60 HRC (Rockwell Hardness, c-scale) and the inner lateral surfaces 

were polished to Rz < 1 µm. The test parameters varied are summarised in Table 1. Three surface 
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configurations (2 coatings [18; 19], 1 without coating) and two powder versions (with and without admixed 

lubricant [20]) were investigated. 

Table 1 Varied parameters for compaction and ejection tests 

Surface configuration  
Powder material (Ancorsteel™ 

1000B with 0.6 wt% Graphite UF4) 

Filling height hfill or compaction ratio 

hfill/hpress (hpress = 37 mm) 

hfill in mm hfill/hpress 

no coating 

MoS2-based (MOX2®) 

DLC-based (CARBON-X®) 

no admixed lubrication 

0.5 wt% AncorLube 

68.35 

74.35 

78.15 

1.8 

2.0 

2.1 

In order to obtain identical specimen geometries at varying compaction pressures, the compacts were pressed 

under variation of the filling height as shown in (Table 1). Each combination was tested 10 times and monitored 

using two strain-gauge-based force transducers and two draw-wire sensors. The parameter combinations 

without lubricant at compression ratios 2.0 and 2.1 could not be carried out, as will be explained under results. 

Figure 1 shows, as an example, the data recorded of the upper and lower punch during the whole compaction 

cycle versus time as well as an enlarged view of the ejection process, which forms the focus of this work. 

 

Figure 1 Lower and upper punch forces as a function of time for a compaction cycle (left) and enlarged view 

of ejection process (right) 

In order to characterise the frictional behaviour quantitatively, two characteristic sections were examined in the 

ejection processes, in accordance with the work of Paris et al (Figure 1, right) [12]. The first is the initial area 

where the stripping force has to be applied at the beginning of the ejection in order to overcome the static 

friction between compact and die wall. The second is the area where the compact is being moved inside the 

die towards the opening and is still completely enclosed by the cavity. By averaging in this area, the sliding 

force was calculated. For a geometry-independent evaluation, both values were related to the friction surface, 

i.e. the final lateral surface of the compact, to finally calculate the stripping and sliding shear stresses. 

3. RESULTS AND DISCUSSION  

Figure 2 (left) shows the mean ejection curves (each averaged from 10 tests) of the parameter combinations 

investigated with admixed lubricant. For a better overview and comparison, the characteristic values as 

described above are shown on the right in the form of a bar chart. 
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When examining the compaction ratios for each die configuration, as expected, an increase in the curves and 

characteristic values can be seen due to the associated higher compaction pressures. At a compaction ratio 

of 1.8, the lowest stripping and sliding shear stresses are required when the MoS2-based coating is used, 

followed by the DLC coating and finally the variant without coating (Figure 2, left). By increasing the 

compaction ratio to 2.0, the shear stresses rise significantly, although the aforementioned differences between 

the die configurations remain. A further increase to 2.1 results in an increase only for the coated variants, with 

the MoS2-based variant still performing best.  

When observing the corresponding ejection curves (left), it is noticeable that the transition from the stripping 

peak to the sliding area is significantly flatter in the case of the MoS2-based coating compared to the DLC 

coating and the variant without coating. Although the exact reasons for this are unknown, such a curve 

characteristic is usually associated with more favourable friction conditions [14], which is consistent with the 

quantitative results.  

 

Figure 2 Averaged ejection curves (left) and associated stripping and sliding shear stresses (right) 

In order to investigate the ejection behaviour as a function of the compaction behaviour, the calculated stripping 

shear stresses of all tests were plotted in (Figure 3) as a function of the mean compaction pressure (average 

of upper and lower punch).  

The diagram on the left clearly shows the difference between the tests with and without admixed lubricant. In 

principle, without lubricant, significantly higher friction coefficients prevail, resulting in higher frictional shear 

stresses during both, compaction and ejection [14]. This favours the formation of cold welds, which creates 

grooves when the green compacts are ejected, leading to further increases in the current friction coefficients. 

As a result, the stripping shear stresses - especially without coating - increase sharply with each pressing cycle 

until they reach the same level as the compaction pressure. Since the coating types used here reduce the 

formation of cold welds [21,22], these processes are less pronounced and lead to lower stripping shear 

stresses compared to the variant without coating.   

The diagram on the right shows an enlarged view of the ejection behaviour as a function of the compaction 

pressure when admixed lubricant is used. Basically, the same trends can be seen as in (Figure 2): within the 

lower and medium pressure levels, the MoS2-based coating exhibits the lowest stripping shear stresses 

followed by the DLC-based coating and the variant without coating. In the upper pressure range, the latter 

show approximately equal results, while the MoS2 coating again leads to the lowest stresses.  

In addition, it is noticeable that despite a constant filling height, different compaction pressures occur, with the 

associated stripping shear stresses behaving mostly proportionally. This change in compaction pressure can 
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be attributed to varying powder masses [23], as the powder was filled using a stripping method (filling shoe) 

without being weighed. A later comparison of the compact masses confirmed this assumption. From this 

observation, it could be concluded that the standard deviations shown in (Figure 2 right) result from this powder 

mass variance. However, if the coefficients of determination (R²) of the power function fits are taken into 

account, it can be observed that a larger part of the data of the variant without coating cannot be explained by 

the fit compared to the variants with coating. Consequently, this deviation cannot be attributed to the mass 

variance, which leads to the conclusion that the two coatings show a higher process stability regarding constant 

stripping shear stresses. 

 

Figure 3 Stripping shear stresses as a function of mean compaction pressures 

4. CONCLUSION 

Experimental investigations on the ejection behaviour of friction-reducing coatings in the die compaction of 

iron powder with and without admixed lubricant were presented. It is shown that the application of the coatings 

reduces the ejection loads significantly, when no admixed lubricant is used, and moderately when powder 

lubrication is applied. In the latter case, when compaction pressure is below 500 MPa, MoS2-based coating 

exhibits the lowest stripping shear stresses followed by the DLC-based coating and finally the variant without 

coating. Above 550 MPa, the DLC coating and the non-coated variant perform approx. equally well, while the 

lowest values are again achieved by the MoS2-based coating. However, without lubricant admixture, wear 

occurs after a few pressing cycles despite the use of coatings, so lubricant cannot be completely avoided. 

Furthermore, the results indicated a higher process stability when using a coating (for both coatings). For future 

investigations, a reduction of the admixed lubricant as well as the evaluation of the service life of the coatings 

are of interest.  

ACKNOWLEDGEMENTS   

This contribution is part of a basic research project funded by the German Research Foundation 
(DFG), project number 403432892. The authors would like to express their gratitude for the financial 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

764 

support of this project. Furthermore, the authors would like to thank GKN Sinter Metals Engineering 
for providing the metal powders. 

REFERENCES 

[1] SCHATT, W., WIETERS, K.-P., KIEBACK, B. Pulvermetallurgie: Technologien und Werkstoffe. 2nd ed. Berlin: 

Springer; 2007. 

[2] ENGSTRÖM, U., SCHNEIDER, E. Metal Powder Solutions to Promote Future Growth of the PM industry. In: 

World PM2018 proceedings. Beijing, China; 2018. 

[3] BEHRENS, B.-A., GASTAN, E., VAHED, N. Application of tool vibration in die pressing of Ti-powder. Production 

Engineering. 2010, vol. 4, no. 6, pp. 545-551. 

[4] GAŠTAN, E. Einfluss von Werkzeugschwingungen auf das Verdichtungsverhalten metallischer Pulver beim 

Matrizenpressen. Garbsen: PZH, Produktionstechn. Zentrum; 2012. 

[5] BOUGUECHA, A., BEHRENS, B.-A. Numerische und experimentelle Untersuchungen zum Matrizenpressen und 

Sintern von Aluminiumpulver. Materialwissenschaft und Werkstofftechnik. 2012, vol. 43, no. 6, pp. 511-519. 

[6] HONG, S.-T., HOVANSKI, Y., LAVENDER, C.A., WEI,L K.S. Investigation of Die Stress Profiles During Powder 

Compaction Using Instrumented Die. Journal of Mat Engineering and Performance. 2008, vol. 17, no. 3, pp. 382-
386. 

[7] SOLIMANJAD, N., LARSSON, R. Die wall friction and influence of some process parameters on friction in iron 
powder compaction. Materials Science and Technology. 2013, vol. 19, no. 12, pp. 1777-1782. 

[8] LUK, S.H., DAVALA, A.B., KOPECH, H.M. Enhanced green strength material system for ferrous and stainless 
P/M processing. Advances in Powder Metallurgy and Particulate Materials--1996. 1996, vol. 5, pp. 17. 

[9] KORACHKIN, D., GETHIN, D.T., LEWIS, R.W., TWEED, J.H. Friction measurement and lubrication in unloading 
and ejection stages in powder pressing cycle. Powder Metallurgy. 2013, vol. 51, no. 1, pp. 14-30. 

[10] LEMIEUX, P., GÉLINAS, C., POWDER,S R.T.M. Ejection Performance of an Improved Die Wall Lubrication 
Technology Using Composite Lubricants. In: APMI International Conference on Powder Metallurgy & Particulate 

Materials. 2015. 

[11] LARSSON, M., RAMSTEDT, M. Lubricants for Compaction of P/M Components. In: PTECH 2003 - 4nd 

International Latin-American Conference on Powder Technology in São Paulo, Brazil, 2003. 

[12] PARIS, V., ST-LAURENT, S., THOMAS, Y. Key Advantages of High Performance Lubricants for the 

Manufacturing of Powder Metallurgy Parts. In: Proceedings of the 2014 International Conference on Powder 
Metallurgy & Particulate Materials. May 18 - 22, Orlando, FL. Princeton, NJ: Metal Powder Industries Federation; 

2014. 

[13] LARSSON, M., KNUTSSON, P. Efficient Lubricants for Production of High Density PM Components. In: APMA-

2017 The 4th International Conference on Powder Metallurgy in Asia. Apr. 09-11, 2017, Hsinchu, Taiwan, 2017. 

[14] ERNST, E. Axiale Pressvorgänge in der Pulvermetallurgie. VDI Verlag; 1992. 

[15] BONNEFOY, V., DOREMUS, P., PUENTE, G. Investigations on friction behaviour of treated and coated tools with 
poorly lubricated powder mixes. Powder Metallurgy. 2003, vol. 46, no. 3, pp. 224-228. 

[16] OLSSON, M. A new test method for measuring the galling resistance between metal powders and die tool 
materials in powder compaction. Wear. 2011, vol. 273, no. 1, pp. 49-54. 

[17] LARSSON, M., AHLIN, Å., OLSSON, K. High performance mixes with new lubricant system. Powder Metallurgy. 
2010, vol. 53, no. 2, pp. 103-106. 

[18] voestalpine eifeler Coating GmbH, CARBON-X® - Data Sheet. [online]. 2021. [viewed: 2021-02-12]. Available 
from: https://www.eifeler.com/app/uploads/sites/82/2018/05/CARBON-X_DE.pdf. 

[19] voestalpine eifeler Coating GmbH, MOX2® - Data Sheet. [online]. 2021. [viewed: 2021-02-12]. Available from: 
https://www.eifeler.com/app/uploads/sites/82/2018/05/MOX2_DE.pdf 

[20] Ancorsteel™ 1000 / 1000B / 1000C - Data Sheet. [online]. 2021. [viewed: 2021-01-19]. Available from: 
https://www.gknpm.com/globalassets/downloads/hoeganaes/technical-library/datasheets/datasheets-for-pm-

materials/high-purity-iron-powders/ancorsteel1000.pdf/ 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

765 

[21] ZAHID, R., MASJUKI, H.H., VARMAN, M., MUFTI, R.A., KALAM, M.A., GULZAR, M. Effect of Lubricant 

Formulations on the Tribological Performance of Self-Mated Doped DLC Contacts: A review. Tribology Letters. 
2015, vol. 58, no. 2. 

[22] BEHRENS, B.-A., MAIER, H.J., HÜBNER, S., BONK, C., ALMOHALLAMI, A., MICKE-CAMUZ, M. Wear Behavior 
of MoS2 Lubricant Layers During Sheet Metal Forming. Procedia Engineering. 2017, vol. 183, pp. 357-362. 

[23] SOKOLOWSKI, P., MILBRATH, A., VITTI, D., FONTANA, S. Industrial performance of a new lubricant for 
manufacturing PM gears. Metal Powder Report. 2016, vol. 71, no. 3, pp. 180-183. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

766 

CORROSION OF LOW-CARBON STEEL IN SODIUM CHLORIDE SOLUTION CONTAINING A 

WATER-SOLUBLE FRACTION OF HUMIC ACID 

Leoš DOSKOČIL, Tomáš HORÁK, Jiří HONČ 

Brno University of Technology, Faculty of Chemistry, Brno, Czech Republic, EU, doskocil@fch.vut.cz 

https://doi.org/10.37904/metal.2021.4180 

Abstract  

Humic acids are a heterogeneous mixture of organic compounds that are naturally found in water and soil. In 

recent years, there has been a growing interest in the application of green fertilizers containing humic acids in 

agricultural activities. Water-soluble fraction of humic acid (WSHA) can be released from these fertilizers and 

subsequently interact with metallic materials (e.g. steel) located in soils and waters. WSHA were leached from 

an aqueous suspension of humic acids isolated from South Moravian lignite. Corrosion tests were performed 

on a low-carbon steel using a potentiodynamic polarization test and electrochemical impedance spectrometry. 

Results suggest that corrosion was initially promoted due to the formation of complex compounds of water-

soluble humic acids with released iron ions. After a long time, a positive effect of WSHA was observed as the 

corrosion resistance of low-carbon steel increased.  

Keywords: Corrosion, low-carbon steel, humic acid 

1. INTRODUCTION 

Low-carbon steel is a conventional engineering material widely used for a large range of applications including 

pipes for transport of gas or oil, sheet and strip products, plates, ship sides, wires and many others. The 

disadvantage of the steel materials is their susceptibility to corrosion, which can lead to dramatic degradation 

of mechanical properties [1]. 

Many of the low-carbon steel components are placed in the nature, where they can be subject to corrosion in 

water and soil. The failure of the components results in economic costs, and even more serious problem is, it 

can present particularly serious risks to human health and the environment [1,2]. It is well known that 

aggressive ions such as chlorides and sulfates present in water and soil cause corrosion of metallic materials. 

However, water and soil environments also contain various naturally occurring organic molecules, or natural 

organic matter, which can have a significant effect on the corrosion process due to their complex interactions 

on the metal surface and in the surrounding environment. 

Natural organic matter represents the heterogeneous mixture of organic molecules and colloids in which humic 

substances (humic and fulvic acids) predominate [3]. Humic substances are traditionally divided based on their 

alkaline and acid solubility into three classes: humic acid, fulvic acid, and humin. Humic acids are characterized 

by high molecular weight and a high content of O-functional groups such as carboxylic and hydroxyl groups. 

Humic acid occurs not only in water and soil but also in peat, coal and leonardite, whereas their chemical-

physical properties may differ from each other depending on their origin. An increase in the content of humic 

acids (generally organic matter) in soil and water can be expected due to the growing interest in green 

agriculture and other interventions of human to the natural environment [4]. In connection with this fact, the 

interactions of organic substances with steel (generally metal materials) will become increasingly important. 

Therefore, the investigation of changes in the corrosion resistance/mechanisms of conventional materials such 

as low-carbon steel in the presence of humic acids may be a desirable challenge for corrosion science.  
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To date, only a limited knowledge is provided about the effect of humic acids on low-carbon steel corrosion in 

both soil and water. As far as the authors are aware, there are several articles dealing with corrosion of metallic 

materials due to humic substances presence [5-8].  

Based on the organic matter nature, different conclusions on the corrosion resistance/mechanism of low-

carbon steel in the literature are presented. Humic acid in sulfate solution were shown to promote the attack 

on sulfide-containing inclusions present in API 5LX65 steel [5]. As a result, pitting corrosion occurred. Other 

authors have reported that general corrosion occurred when carbon steel was exposed to fresh lake water 

with humic acid [6]. The presence of humic acid accelerated corrosion and led to the formation of weakly bound 

complexes with corrosion products. These organic molecules can also initiate barrier corrosion protection in 

the case of the galvanized steel surface [7]. Humic acid precipitation on the surface of galvanized steel, forming 

a thick layer of deposits acting as a physical barrier between the steel component and corrosive environment 

was observed in different study. The fraction rich in humic and fulvic acids, which was isolated from dissolved 

organic matter of municipal wastewater, reduced the corrosion rate of N80 carbon steel [9]. Unfortunately, the 

authors did not explain the observed improvement in corrosion resistance. 

The aim of this work is to assess the effect of water-soluble fraction of humic acid (WSHA) on corrosion of low-

carbon steel in NaCl solution at room temperature. These organic molecules can be released by water from 

solid humic acid particles in nature and subsequently transported to the surface of metallic materials located 

in soil or water. The corrosion behavior of low-carbon steel was investigated by electrochemical tests involving 

potentiodynamic polarization (PDP) and electrochemical impedance spectrometry (EIS). Basic spectrometric 

characterization (UV-Vis and FTIR spectrometry) of the WSHA was also performed. 

2. MATERIAL AND METHODS 

The low carbon steel used in the experiments had the following the nominal composition, with mass ratios of 

0.149 % C, 0.238 % Si, 0.368 % Mn, 0.011 % P and 0.0171 % S. The steel bar was cut into circular samples 

with a diameter of 1.5 cm. These samples were ground using a series of waterproof abrasive papers of 800, 

1200, 4000 grit, rinsed with water and isopropanol and dried by hot air.  

An amount of two grams of humic acid was extracted in two liters of ultrapure water to obtain a water-soluble 

fraction of humic acid. The humic acid used was isolated from South Moravian lignite (mine in Mikulčice, Czech 

Republic) according to the procedure described in the literature [10]. After the extractions in water, the solids 

were separated by centrifugation and the supernatant was filtered through a filter (0.45 μm). The filtrate 

containing the dissolved humic acid portion (or WSHA) was stored in a refrigerator, and then served as a stock 

solution for the preparation of corrosion test solutions. 

WSHA was characterized by means of Ultraviolet-visible (UV-Vis) and Fourier-transform infrared (FTIR) 

spectrometries. UV-Vis spectrum was obtained on a Hitachi U-3900H UV/Vis spectrophotometer by recording 

the absorption spectrum between 200 nm and 900 nm. Sample was measured in a 10 mm quartz cuvette and 

were blanked against water. FTIR spectrum was obtained in Attenuated Total Reflection (ATR) mode using a 

Nicolet iS50 spectrometer. Spectrum was recorded over the range 4000-400 cm-1 at 4 cm-1 resolutions and 

was the averages of 128 scans. The spectrum for air on a clean dry ATR diamond crystal was used as the 

background for the infrared measurements.  

Electrochemical measurements were carried out using VSP-300 potentiostat. Conventional three electrodes 

glass cell was used with platinum counter electrode, saturated calomel electrode as reference electrode with 

Luggin capillary bridge and sample with geometric area 1 cm2 as working electrode. The potentiodynamic 

polarization curves were recorded in the range of ± 200 mV vs. open circuit potential at a scanning rate of 1 

mV/s. Before recording the polarization curves, the open circuit potential was stable within 2 h. Measurements 

were performed in environment of 0.02 mol/L NaCl with WSHA (0, 1.1, 2.1 and 3.2 g/L) at room temperature. 

Electrochemical impedance spectroscopy (EIS) measurement was performed at range of 10 mHz to 100 kHz 
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with 10 mV perturbation signal. The EIS measurements were recorded at 1, 4, 8, 24, 96 and 168 h for 0.02 

mol/L NaCl with and without 3.2 g/L WSHA at room temperature.  

3. RESULTS AND DISCUSSION 

Extraction of lignite humic acid with ultrapure water yielded 3.2 mg of WSHA per liter. This fraction was 

analyzed using UV-Vis and FTIR spectrometries. 

The UV-Vis absorbance spectrum of WSHA is shown in (Figure 1). The spectrum with a wavelength greater 

than 220 nm is featureless and characterized by absence of maximum and/or minimum; absorbance 

decreases exponentially with increasing acquisition wavelength. The spectrum contains only a small 

recognizable peak at 203 nm which indicates benzenoid aromatic compound structures [11]. FTIR spectrum 

of WSHA, Figure 2, contains aliphatic groups (2905 and 2840 cm-1), the presence of methyl and methylene 

groups are also confirmed by the band of 1457 cm-1. The bands at 1564 and 1369 cm-1 can be attributed to 

aromatic substances and methyl groups bound to aromatics, respectively. These bands can also be related to 

carboxylates. The presence of carboxyl groups is indicated by a band at 1700 cm-1. WSHA also contains aryl 

ether compounds (1262 cm-1), phenols and ethers (1198 and 1154 cm-1), secondary and primary alcohols 

(1094 and 1037 cm-1). Out-of-plane C-H deformation bands were found in the 900-700 cm-1 region.  

 

Figure 1 UV-Vis spectrum of WSHA. 

Potentiodynamic curves, (Figure 3) show that increasing content of WSHA in a 0.02 mol/L NaCl environment 

led to a deterioration of the low-carbon steel corrosion. The icor values, (Table 1), are consistent with this 

observation. The highest value of current density was found for corrosion medium containing 3.2 mg/L WSHA.  

The cathodic branch of the polarization curves indicates that the polarization is affected by the diffusion-limited 

current density. This observation is typical for corrosion of steels in NaCl solution. The negative impact of 

increasing concentrations of WSHA on the corrosion of low-carbon steel may be related to the complexation 

properties of the organic molecules. It is well known that humic acids form complex compounds with metal 

ions such as iron, zinc via carboxyl and hydroxyl groups [12]. These structural groups in WSHA were 

determined using UV-Vis and FTIR analysis in this work. A more detailed characterization of the fractions 

extracted from humic acids and South Moravian lignite has already been published in the literature [10].  
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Figure 2 FTIR spectrum of WSHA. 

Table 1 Parameters obtained from potentiodynamic polarization tests for WSHA in 0.02 mol/L NaCl 

  

Figure 3 Potentiodynamic polarization curves 

EIS measurements were analyzed for 0.02 mol/L NaCl with and without 3.2 mg/L WSHA. The electrochemical 

equivalent circuit used for fitting impedance data consists of the solution resistance (Rs) in series with the 

parallel combination of the constant phase element (CPE) and the charge-transfer resistance (Rt). The 

constant phase elements are introduced in the model to describe the electrical property of double layer 

capacitors between electrode and electrolyte in order to take into account surface heterogeneity.  
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The Rt values indicate the degree of corrosion resistance; the lower the charge-transfer resistance, the higher 

the corrosion rate. For 0.02 mol/L NaCl solution with and without WSHA, the corrosion resistance (Rt) 

increased continuously during the corrosion process. 

The EIS measurements show that the corrosion resistance of the low-carbon steel was higher in the presence 

of the water-soluble fraction than in the 0.02 mol/L NaCl solution. This observation can be explained by the 

formation of an adsorption layer of WSHA on the surface of the corroding sample. The adsorbed organic 

molecules could act as a barrier to further dissolution of iron. The positive effect of water-soluble fraction was 

especially noticeable after a long time. As a result, it can be assumed that iron corrosion products are first 

formed, to which WSHA molecules are subsequently adsorbed. 

The observations obtained from the EIS measurements and the potentiodynamic polarization tests seem to 

contradict each other. The results from the potentiodynamic polarization showed that the corrosion rate 

increases with the WSHA content. This is probably related to the fact that the potentiodynamic polarization is 

a rapid test and the physical barrier caused by adsorption of WSHA has not manifested itself. For this reason, 

the EIS method seems to be more suitable for studying the role of WSHA on the corrosion of low-carbon steel. 

The challenge for further research is whether the molecules preferentially bind to free iron ions in the solution 

or to corrosion products on the surface. 

Table 2 Parameters obtained from EIS measurements  

4. CONCLUSION 

The water-soluble fraction of lignite humic acid has a positive effect on the corrosion process of low-carbon 

steel in NaCl. The beneficial effect can be observed after only one hour of exposure of the steel to the corrosive 

environment. Corrosion leads to the formation of corrosion products on the surface of steel, to which the 

molecules of the WSHA are subsequently adsorbed. As a result, the reduction in corrosion rate is particularly 

pronounced after prolonged exposure to the environment. 
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Abstract 

Active thermography is a method for nondestructive inspection of materials. This contribution presents 

quantitative inspection of coating thickness by  flash-pulse thermographic inspection and apparent thermal 

effusivity based evaluation. The apparent thermal effusivity algorithm for evaluation and visualisation of coating 

thickness is presented. The algorithm is based on a threshold value of the apparent effusivity, which can be 

found for any couple of substrate and coating if their effusivities differ. The square root of time at which the 

apparent effusivity curve reaches this threshold is then proportional to the thickness of the coating. Effectivity 

of the method is demonstrated by numerical model and experimental data obtained by inspection of  Cr13%Fe 

thermally sprayed coatings made by twin wire arc spaying technology. A linear dependence between square 

root of apparent effusivity threshold time and couating thickness was found. Influence of the pulse length and 

presence of defects on the results are studied. 

Keywords: Flash pulse thermography, coating thickness, apparent effusivity, thermographic inspection 

1. INTRODUCTION 

Coatings are covering layers applied to a surface of a material, which is also called a substrate. Different kinds 

of coatings are widely used for constructions protection against corrosion and wear, for a restoration, of for an 

enhancement of their life span [1,2]. There are a lot of types of coatings with different purposes, materials and 

application procedures. Coating thickness and its homogeneity are one of very important parameters for the 

evaluation of its quality and service life. Thus nondestructive methods of coating thickness determination are 

required for both manufacturing and exploitation of materials with coatings. Various nondestructive methods 

allowing coating thickness determinations were developed, e.g. methods based on eddy-current, x-ray, 

ultrasound, terahertz, etc. [3,4]. All of them have advantages and limitations. For instance, Eddy-current and 

ultrasound methods are contacted, X-ray may be not applicable by the safety rules, terahertz testing requires 

bulky and expensive equipment. 

Active infrared thermography is a non-destructive, non-contact and fast inspection method, thus it is a 

prospective alternative to the commonly used methods [5]. It is based on external heating of a tested object 

and a subsequent analysis of its thermal response. Active thermography methods can be sorted in respect of 

heating source and heating procedure [6].  

Various active thermography testing procedures and data processing algorithms were developed for coating 

thickness evaluation by infrared thermography [7]. Thermal contrast methods [8] require a reference area and 

these methods are suitable for defects detection but mostly not for coating thickness quantification. Pulsed-

phase and lock-in thermography allow to find a correlation between phase angle and coating thickness, but 

these dependencies are usually complicated like 4 order polynomial [9]. Analysis of the second logarithmic 

derivation [10] is enough sensitive and there is clear thickness-peak derivation time dependency. However, 

noises, finite heating time and polynomial fitting required for this method may cause distortion of temperature 
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evolution and significantly shift peaks of derivatives or add other peaks on the derivative curve.  Different 

processing techniques are compared for example in [11]. It is shown that time-power transformation has better 

sensitivity for coating thickness measurement. However, processing techniques as time-power or PCA are not 

based on physical model and results may be affected by number of factors.  

The goal of this study was to create a thermographic coating thickness quantification method based on the 

analytical heat transfer model. Flash-pulse thermography and the apparent thermal effusivity evaluation 

method [12,13] were used for coating thickness measurement. The used method is based on the physical 

model and measurement of material thermal properties [14]. It is reference-free, sensitive and applicable for a 

wide range of coating end substrate material.  

2. METHODOLOGY 

Surface temperature of semi-infinite body after heating can be expressed as:  

y`0, �) � {�
Z�|�}~,                         (1) 

Where Q0  is energy density deposited by the illumination at the surface, α is thermal diffusivity (W/m2), ρ is 

density (kg/m3), C is heat capacity (J/(kg·K)), k is thermal conductivity (W/(m·K)), z is coordinate (m), Z��: is 

also known as thermal effusivity of material e (W·s1/2/(m2·K)) and t is time (s). Thermal effusivity of semi-infinite 

body heated with Dirac pulse may be found from equation (1) as:  

2 � {�
s`�,~)√}~,                 (2) 

Plot e(t) for the semi-infinite body is a strict line parallel to the x-axis illustrates the thermal effusivity of material 

(Figure 1). In the case of two-layer material: 

y`0, �) � {�
�√}~ `1 c 2 ∑ `(ГLe�L� )exp `( LJiJ

�~ ))               (3) 

where L - is the thickness of the first layer (m) and Г - is the reflection coefficient.  

 

Figure 1 Example of effusivity curves for different coating thickness.  

Since absorbed energy is hard determining by infrared testing the apparent thermal diffusivity algorithm was 

developed [13]. The apparent thermal effusivity can be obtained for each pixel of the infrared thermographic 

sequence. 
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2���`�, �) �  
s`i,~)√~ ,              (4) 

Non-stationary heat conduction is the process of diffusion of thermal energy. Deeper material layers appear 

on the body surface with greater time delays. The same phenomenon can be observed by analyzing the time-
evolution e(t). As illustrated in (Figure 1), the initial section of the e(t) curve represents the thermal effusivity 

of the coating material, and then, after a certain transition period, it goes to the substrate thermal effusivity. 

The inflection point in the e(t) curve corresponds to the depth of the first layer and the ratio between the thermal 

properties of the coating and substrate. Hence, coating thickness can be evaluated by analyzing the 

corresponding inflection points. If the absorbed energy is unknown, the effusivity e(t) can be replaced by the 

apparent effusivity eapp(t) characterized by the same time behavior. 

It has been presented in [14] that variations in coating thickness lead to a simple translation of the effusivity 

curve along the time axis (in the logarithmic representation). Hence, the apparent effusivity curve for any 

coating-substrate structure (Figure 1) crosses a particular value between the coating and substrate effusivities, 

while variations in coating thickness shift the time point of this intersection. In this study, the use of so-called 

threshold time tt is suggested. Such threshold time corresponds to the point where the effusivity curve crosses 

a particular threshold value located between the values of the coating and substrate effusivities. The tt values 

and their relationship to coating thickness can be found either experimentally or by modeling of particular test 

situations. 

3. EXPERIMENTAL SETUP 

The experimental sample was 4.91 mm thick steel plate (a substrate) with a Cr13%Fe coating layer. The 

substrate was made from a S235 construction steel, which thermal conductivity was assumed to be in the 

range from 40 to 50 W·m−1·K−1. The coating was produced by twin-wire arc spraying (TWAS) technology [15]. 

These coatings are characterized by high heterogeneity, high amounts of porosity, oxide inclusions, and inter-

splat boundaries. Their expected thermal conductivity is in the range from 2 to 10 W·m−1·K−1. Coatings of four 

thicknesses were deposited on the substrate: 0.22, 0.38, 0.49 and 0.59 mm (data was provided by the 

manufacturer of the samples). 

A pulsed heating of the sample was performed by a single Hensel EH Pro 6000 flash lamp of the power about 

6 kJ and pulse length 6 ms. A thermographic record of the cooling process was captured by a FLIR A6751 IR 

camera by the frame rate of 400 Hz, the length of the record was 2000 frames. The measurement setup and 

the principle of synchronization between the flash-lamp and camera were described in detail in [11]. 

Background subtraction and median filter with a 3 × 3 spatial mask were applied to all IR thermograms in the 

captured sequence before further processing. 

4. RESULTS AND DISCUSSION 

The temperature evolutions were averaged with a 50 × 50 mask for each coating thickness and processed by 

applying equation (4) for the calculation of apparent effusivity evolutions. The apparent effusivity for different 

coating thickness is shown in (Figure 2a). The curves obtained show that the experimentally determined 

apparent effusivity values increase from lower to higher values at the beginning of the process. If the effusivity 

threshold is set, than a time of crossing this threshold tt can be obtained for every curve. Then the defect depth 

to square root of time linear dependancy can be obtained. Figure 2b illustrates Z�~- d dependency with 1.6 

(1/(K·s1/2)) threshold value for the experimental data. The linear dependence equation for the coating thickness 

dependence on the threshold time has been obtained by linear fitting in the form: 

d=0.1+0.9Z�~                (5) 
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a)        b) 

Figure 2 Experimental apparent effusivity curves (a) and Z�~- d dependency (b) 

Subsequently, using the above described procedure the infrared contour image in (Figure 3a) can be 

transformed to a coating thickness variations contour image presented in (Figure 3b).  

 

a)       b) 

Figure 3 Thermogram (relative temperatures contour image) at the time 0.012 s after the flash pulse (a) and 

a map of coating thickness (b). 

5. CONCLUSION 

The contribution describes a flash thermography technique intended for the determination of coating thickness 

based on the apparent thermal effusivity concept and threshold observation time. Unlike other approaches, for 

example, those using an inflection point in the apparent effusivity evolution curve, the threshold observation 

time was defined as a crossing point of the apparent thermal effusivity curve and a pre-defined effusivity 

threshold. An important advantage of this method is also a linear dependence between the square root of the 

threshold time and coating thickness. Hence, only two reference thicknesses are required to create calibration 

dependency.  It allows to produce 2D distributions of absolute coating thickness, as well as its variations. This 

linear dependence was predicted by the theoretical analysis and subsequently confirmed by the experimental 

data on Cr13%Fe coatings deposited on steel substrates using the TWAS thermal spraying technology. It was 
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confirmed that the suggested method resolution is sufficient to show difference between thickness of these 

coatings in the range from 0.22 to 0.59 mm. The suggested technique is also simple to use and robust enough 

for practical applications. The only limitation is the fact that the thermal properties of the substrate and coating 

should be significantly different. It is essential for all thermal methods. 
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Abstract 

One of the recently demanded methods of protecting metal surfaces from aggressive environment is the 

formation on their surface of continuous films with water-repellent properties and the ability to self-cleaning, 

which give the material the property of super-hydrophobicity. The possibility of hydrophobization of the surface 

of the AZ31B magnesium alloy in a solution containing stearic acid, dimethyl sulfoxide and water has been 

investigated. It was found that the coating formed in this solution is characterized by a contact angle of 152-

162°. 

Keywords: Protective hydrophobic coatings, hydrophobization, corrosion protection, magnesium alloy, 

surface treatment, stearic acid 

1. INTRODUCTION 

In recent years, there has been an increase in the use of magnesium alloys as structural materials, due to the 

unique combination of properties: low specific gravity, high strength, ductility, damping ability and 

manufacturability. These materials are especially in demand in the aviation industry. Saving in weight of the 

structure when replacing aluminum is 20 - 30 % [1,2].  

The disadvantages of magnesium and its alloys are low corrosion resistance and scrub resistance. The low 

corrosion resistance of magnesium alloys is due to the high negative values of their standard potentials (- 2.37 V). 

In real chloride environment, for example, in a 3 % solution of sodium chloride, the potential of the AZ31B 

magnesium alloy is 1.38 V, which is also much more negative than that of other structural metals and alloys. 

One of the most effective methods of corrosion protection of magnesium alloys is the formation of continuous 

films with water-repellent properties on their surface to isolate the base material from the environment. Such 

films give the material the property of super-hydrophobicity.  

In the literature, surfaces on which the contact angle exceeds 150° are called super-hydrophobic. As a rule, 

obtaining super-hydrophobic surfaces involves two stages: the first stage consists in the formation of a surface 

with a micro-rough structure, and then in the modification of this surface with the use of compounds with low 

surface energy containing long alkyl and often perfluorinated chains [3-6]. To create roughness on the surface 

of metals, chemical etching in acidic or alkaline solutions is used [7-10]. Then the previously prepared surface 

is treated with hydrophobic reagents, for example, alkoxysilanes and their halogen derivatives.  

In this work, a simple and at the same time environmentally friendly method of forming super-hydrophobic 

coatings on the surface of AZ31B magnesium alloy was studied.  
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2. EXPERIMENTAL MATERIALS 

For the application of superhydrophobic coatings, samples of magnesium alloy AZ31B of the size of 3x4 cm 

were used.  

Solutions were prepared of pure and pro analysis grades of chemicals and distilled water. 

The protective ability of the coatings was determined by the express method using a solution of lead acetate 

Pb(CH3COO)2 10 g/l [11]. The criterion for assessing the quality of the coating was the time until the color of 

the control area under the drop changed from gray to dark black for the magnesium base.  

The surface roughness was studied with the help of profilograph-profilometer Mitutoyo SJ-310. Action of the 

device is based on the principle of feeling the irregularities of the investigated surface with a diamond needle. 

The resulting mechanical vibrations of the probe are converted (using an inductive primary converter) into 

voltage values proportional to these vibrations, which are amplified and converted by the electronic module. 

The measurement results are shown on the liquid crystal display and on the printer.  

The contact angle (θс) of water during contact with the surface of the magnesium plates was measured on the 

«Goniometer LK-1». The photos of drops were taken with the camera "Levenhuk C310 NG", and then the 

wetting angle was calculated with the help of DropShape software.  

To determine the corrosion resistance, the samples were placed in a 0.05M NaCl solution and kept for 72 

hours at room temperature (GOST 9.913-90) [12]. Inspection of the samples was carried out 3 times a day to 

establish the time before the appearance of the first spot of corrosion. Before evaluating corrosion tests, 

corrosion products were removed from the surface of the samples. After removal of corrosion products, the 

samples were washed in running water and then in distilled water, and dried in an oven at a temperature of 

100 ± 2 °C for 3 - 5 min.  

Current-voltage and impedance studies of the corrosion of magnesium samples with coatings were carried out 

using an IPC potentiostat with an FRA attachment and a three-electrode glass cell thermostated at 25 °C in 

3% NaCl. The counter electrode was a titanium plate, the surface area of which significantly exceeded the 

overall area of the working electrode. The potentials were measured relative to a saturated silver -chloride 

electrode and then recalculated to the scale of a standard hydrogen electrode. The potential sweep rate when 

obtaining voltammograms was 50 mV/s. The impedance was measured in a potentiostatic mode at a stationary 

potential in the frequency range 0.1 Hz - 20 kHz at a potential oscillation amplitude of 10 mV.  

To analyze the equivalent circuits and calculate the denominations of their elements, the DCS program 

(Dummy Cell Solver), created by V.E. Kasatkin (IPCE RAS), was used. This program allows you to calculate 

the theoretical frequency dependence of the impedance of the selected circuit and compare it with the 

experimentally obtained dependence. The optimization of the nominal values of the elements of the selected 

equivalent circuit is performed according to the criterion of minimizing the relative error between the 

experimental and simulated values of the impedance vectors for each measurement in the investigated range.  

3. EXPERIMENTAL  

The possibility of hydrophobization of the surface of AZ31B magnesium alloy in a solution containing stearic 

acid, dimethyl sulfoxide (DMSO) and water has been investigated.  

3.1. Determination of the hydrophobic coatings depositing process parameters 

Before coating, samples of AZ31B magnesium alloy with a size of 3x4 cm were pretreated. First, the samples 

were degreased in a solution containing 40 g/l NaOH and 40 g/l Na2SiO3 at room temperature for 3 minutes. 

Then the purified samples were etched in a solution containing 20-50 g/l HNO3 at room temperature for 1 

minute. After each stage, washing in distilled water was carried out. Then, magnesium samples were immersed 
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in a hydrophobizing solution of stearic acid (SA) at a DMSO/H2O ratio (7:1) at room temperature [13]. It is 

believed that in the presence of a solvent (for example, DMSO), an organic fatty acid in an aqueous solution 

dissociates. This process is accompanied by an increase in the acidity of the solution, leading to the dissolution 

of the natural oxide film on the magnesium alloy and the subsequent formation of a conversion hydrophobic 

coating according to the scheme:  

 

It has been established that in the concentration range 2.0-4.0 g/l of stearic acid in the solution, homogeneous 

continuous coatings with a protective ability (PA) of 130-200 s are formed on the surface of magnesium alloy. 

The contact angle (θc) is 141-155°. The coatings, as can be seen from the above scheme, consist of 

magnesium stearates and, as was established using a spectroscopic ellipsometer, their thickness is 270-300 

nm.  

As expected, the protective ability of coatings depends on the temperature of the working solution. Coatings 

with the highest protective ability of 241 s are formed at a temperature of 40 - 50 °C. At this process 

temperature, it is possible to obtain super-hydrophobic coatings on magnesium alloy (θc=162°). Heating up to 

60 °C is allowed, the contact angle is still >150°, however, under such conditions, the protective ability of the 

formed films decreases (PA=64 s).  

The influence of the treatment duration on the protective characteristics of coatings was investigated. It was 

found that coatings with the largest contact angle (θc=162°) and the highest protective ability (270-300 s) are 

formed in 5-15 minutes of the process (Figure1).  

 

Figure 1 Photo of a water drop on the surface of a magnesium alloy (A - sample AZ31B without coating 

θс=66˚; B - hydrophobized alloy AZ31B θс=162˚)  
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To obtain coatings with high hydrophobic properties, it is important to create an appropriate surface 

morphology, that is, surface with multimodal roughness. The influence of the preliminary stages of preparation 

of AZ31B magnesium alloy on the surface roughness (Table 1), protective ability and the contact angle of the 

coatings (Table 2) was studied. It has been established that the samples have the highest roughness after 

degreasing and subsequent etching in nitric acid. Also, with this surface preparation, the best characteristics 

of the coatings are observed (Table 2).  

Table 1 Surface roughness of samples 

Roughness 
index, 

µm 

Surface preparation 

Without 
surface 

preparation 

Degreasing in 
solution 

NaOH+Na2SiO3 

Etching in 
solution 

HNO3 

Degreasing 
(NaOH+Na2SiO3) + 

etching (HNO3)  

Degreasing 
(NaOH+Na2SiO3) + 
etching (HNO3) + 

coating 

Ra 

Rq 

Rz 

Rp 

Rv 

0.769 

1.001 

5.392 

2.962 

2.430 

0.886 

1.185 

6.219 

3.084 

3.135 

1.071 

1.427 

8.171 

3.315 

4.856 

1.203 

1.737 

8.226 

3.657 

5.170 

0.762 

0.974 

4.977 

2.285 

2.691 

Table 2 Characteristics of the obtained coatings depending on the surface preparation 

Surface 
preparation 

Without surface 
preparation 

Degreasing in solution 
NaOH+Na2SiO3 

Etching in solution 
HNO3 

Degreasing 
(NaOH+Na2SiO3) + 

etching (HNO3) 

Protective ability, s 53 71 134 277 

Contact angle, ° 140.81 149.16 157.09 162.28 

3.2. Tests of the coatings 

Corrosion tests in 0.05M NaCl solution were carried out. Samples of magnesium alloy with a hydrophobic 

coating were immersed in the solution for 1 h, 4 h, 24 h, 30 h, 48 h, and 72 h, respectively, after which they 

were removed and dried. The results of measuring the contact angle of the obtained coating over time indicate 

a relatively high stability of the 

hydrophobic properties of the coating. 

Thus, the decrease in the contact angle 

after exposure of the coated samples in 

the solution after 30 h is insignificant, the 

coating still save its hydrophobic 

properties (the contact angle is >90°), but 

after 48 h θс is only 71°, which indicates 

the loss of hydrophobic properties and 

degradation of the protective coating 

(Figure 2). Also, tests have shown that 

the first spot of corrosion of the base 

appear after 4 hours of exposure in an 

aggressive environment. After 30 hours 

of testing, the base corroded by 30 %, 

and after 48 hours by 80 %.  
Figure 2 Dependence of the contact angle on the exposure 

time in 0.05 M NaCl solution  
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In this work, impedance spectroscopy was also used to compare the protective characteristics of conversion 

coatings. 

Protective coatings can be described by an equivalent circuit (Figure 3), consisting of active resistance (R0), 

which is the resistance of the electrolyte, the capacitance of the electric double layer (CPE1), which is the 

geometric capacity of the conversion film, and the active resistance (R1), which is the polarization resistance 

of the conversion coating, the pseudo-inductive resistance (R2), which is the polarization resistance to the 

corrosion process, and the pseudo-induction capacitance (CPE2), which is the capacitance of the 

metal/coating interface.  

 

Figure 3 Equivalent circuit simulating the behavior of magnesium alloy with a protective coating in a 3% 

NaCl solution  

Nyquist diagrams (hodographs) for magnesium alloy samples with various conversion coatings obtained in 3% 

NaCl solution are shown in (Figure 4).  

 

Figure 4 Nyquist diagrams for magnesium samples with protective coatings:  

1 - Mg; 2 - Cr (VI); 3 - superhydrophobic coating. 

It is known that hodographs show charge transfer resistance from solution to metal and vice versa, so the 

larger the hodograph loop, the more difficult this process is, and, therefore, the hodographs can be used to 

assess the barrier characteristics of the coatings. The given hodographs indicate that the greatest difficulties 

in charge transfer occur in the case of a super-hydrophobic coating. 

It should be noted that the results of impedance spectroscopy are consistent with the above results of corrosion 

tests. 

4. CONCLUSION 

As a result, a solution for applying a super-hydrophobic coating on the AZ31B magnesium alloy, which 

surpasses chromate coatings in terms of corrosion resistance and protective ability was developed. Such 

coating can be an alternative to chromate coatings.  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

782 

ACKNOWLEDGEMENTS 

The work was supported by the Mendeleev University of Chemical Technology of Russia. Project 
Number Х-2020-028 

REFERENCES   

[1] CAO, F., SONG, G.-L., ATRENS, A. Corrosion and passivation of magnesium alloys. Corrosion Science. 2016, 

vol. 111, pp. 835-845. 

[2] CASTANO, C. E., MADDELA, S., O’KEEFE, M. J., WANG, Y. M.A. Comparative Study on the Corrosion 

Resistance of Cerium-Based Conversion Coatings on AZ91D and AZ31B Magnesium Alloys. ECS Transactions. 
2012, vol. 41, no.15, pp. 3-12. 

[3] SHI, F., CHEN, X., WANG, L., NIU, J., et al. Roselike Microstructures Formed by Direct In Situ Hydrothermal 
Synthesis:  From Superhydrophilicity to Superhydrophobicity. Chemistry of Materials. 2005, vol. 17, pp. 6177-

6180. 

[4] ZHAO, L., LIU, Q., GAO, R., WANG, J., et al. One-step method for the fabrication of superhydrophobic surface on 

magnesium alloy and its corrosion protection, antifouling performance. Corrosion Science. 2014, vol. 80, pp. 177. 

[5] ABOHALKUMA, T., SHAWISH, F., TELEGDI, J. Phosphonic acid derivatives used in self assembled layers 

against metal corrosion. International journal of corrosion and scale inhibition. 2014, vol.3, pp. 151. 

[6] HOQUE, E., DEROSE, J.A., HOFFMANN, P, MATHIEU, H. J., et al. Phosphonate self-assembled monolayers on 

aluminum surfaces. The journal of chemical physics. 2006, vol. 124, p. 174710. 

[7] RAN, M., ZHENG, W., WANG, H. Fabrication of superhydrophobic surfaces for corrosion protection: a review. 

Materials Science and Technology. 2019, vol. 35, no. 3, pp. 1-14. 

[8] YAO, W., WU, L., HUANG, G., JIANG, B., et al. Superhydrophobic coatings for corrosion protection of 

magnesium alloys. Journal of Materials Science & Technology. 2020, vol. 52, pp. 100-118. 

[9] SHE, Z., LI, Q., WANG, Z., LI, L., et al. Researching the fabrication of anticorrosion superhydrophobic surface on 

magnesium alloy and its mechanical stability and durability. Chemical Engineering Journal. 2013, vol. 228, pp. 
415-424. 

[10] JIN, Q., TIAN, G., LI, J., ZHAO, Y., et al. The study on corrosion resistance of superhydrophobic magnesium 
hydroxide coating on AZ31B magnesium alloy. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects. 2019, vol. 577, pp. 8-16. 

[11] ABRASHOV, A.A., GRIGORYAN, N.S., SIMONOVA, M.A., ASNIS, N.A. Adgezionnyye konversionnyye pokrytiya 

pod lakokrasochnyye pokrytiya na magniyevykh splavakh (Adhesive conversion lacquer coatings on magnesium 
alloys). Tsvetnyye metally. 2019, no. 10, pp. 66-71. 

[12] GOST 9.913-90. Unified system of protection against corrosion and aging. Aluminum, magnesium and their 
alloys. Accelerated corrosion test methods. 

[13] SPIRIDONOVA, A., ABRASHOV, A., GRIGORYAN, N., BESSONOVA, K., et al. Stearic acid modified aluminum 
alloy 5556. In: Conference Proceedings 28 th Anniversary International Conference on Metallurgy and Materials 

(METAL 2019). Brno: Tanger, 2020, pp. 1158-1162. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

783 

CHROMATE-FREE COATINGS FOR CORROSION PROTECTION OF THE SURFACE OF THE 

ELECTRODEPOSITED ZN-NI ALLOY 

1Aleksey ABRASHOV, 1Igor’ADUDIN, 1Nelya GRIGORYAN, 1Kseniya ORLOVA,                         
2Oleg GRAFOV, 1Tigran VAGRAMYAN, 1Aleksandra SHEPELEVA  

1MUCTR - D.Mendeleev University of Chemical Technology of Russia, Moscow, Russia,                            

abr-aleksey@yandex.ru 

2IPCE RAS - A.N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of 

Sciences, Moscow, Russia, grafov.oleg88@gmail.com 

https://doi.org/10.37904/metal.2021.4183 

Abstract 

In this work, the processes of applying protective conversion coatings based on rare-earth metal compounds 
for passivation of the surface of a Zn-Ni alloy were investigated. The mechanism of formation, composition 
and corrosion characteristics of passivating films were investigated. It is shown that the investigated 
chromate-free coatings are comparable to rainbow chromate layers in corrosion resistance and protective 
ability. It was found that these coatings withstand thermal shock without deterioration of functional 
characteristics. It has been revealed that cerium-, lanthanum-containing coatings, like chromate coatings, 
have the ability to self-heal. 

Keywords: Corrosion protection, conversion coatings, cerium-containing coatings, lanthanum-containing 
coatings, surface treatment, chromate-free passivation. 

1. INTRODUCTION 

The protective and decorative zinc-nickel coatings are widely used in automobile industry, in the factories of 

BMW, Audi, Fiat, Renault etc., as they can easily tolerate high operation temperatures (100 - 160 °C), realized 

in the engine compartment of cars in warm climates [1-3]. Currently about 60 % of Zn-Ni alloy coatings are 

used in the automobile industry, 10 % - in power lines, 15 % - in military equipment, 15 % - for covering various 

fasteners and metal products in other industries. 

The demand for zinc-nickel alloy coatings has increased since the adoption of the European directive in 2011 

completely prohibiting the presence of toxic cadmium in the elements and structures of electrical and electronic 

equipment [4]. Since 2016, the use of cadmium in electrical and radio-electronic products has also been 

banned on the territory of the Russian Federation [5]. However, the corrosion resistance of zinc-nickel alloy 

coatings is lower than that of cadmium coatings; therefore, in order to increase the corrosion resistance of Zn-

Ni alloys, passivation processes are used. 

To improve the corrosion resistance of galvanic zinc-nickel alloy protective coatings, chromate treatment 

processes are applied. The resulting conversion chromate films inhibit corrosion processes on the surfaces 

of these metals and, in addition, have the ability to self-heal at mechanical damage of the film. It is known 

that chromate solutions are highly toxic due to the hexavalent chromium ions. The problem of replacing the 

chromating processes has become critical after the adoption of the European Directive 2000/53/EC in 2000 

restricting the presence of Cr (VI) compounds in conversion coatings [6], and in 2002 the amendments to 

the directive, which completely prohibits from July 2007 the presence of Cr (VI) in conversion coatings 

applied in the production of automobiles [7]. Similar directives have come into operation in China since 

March 1, 2007, and in South Korea since July 1, 2007. In addition, RoHS [8] and WEEE [9 prohibit the 
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presence of Cr (VI) in metallic coatings of electrical and electronic equipment; the use of Cr (VI) limits the 

REACH regulation [10].  

In recent years, publications on the possibility of using conversion cerium- and/or lanthanum-containing 

coatings as an alternative to chromate layers on zinc and its alloys have appeared. Salts of rare-earth 

metals, in particular cerium and lanthanum salts are environmentally friendly and effective corrosion 

inhibitors of metals such as aluminum and zinc and their alloys [11-14]. In view of the foregoing, cerium- or 

lanthanum-containing conversion coatings can become a possible substitute for adhesive conversion 

chromate coatings.  

2. EXPERIMENTAL MATERIALS 

Samples of cold-rolled steel of the 08ps grade, coated with a galvanic zinc-nickel alloy, widely used in the 

automotive industry, were used as samples. The deposition of a galvanic zinc-nickel alloy was carried out in 

an electrolyte of the following composition: ZnO 4.5 - 9 g/l; NaOH 50 - 112.5 g/l; NiSO4·7H2O 1.75 - 3.5 g/l; 

LAO 12.5 - 50 g/l (ic А/dm2 - 2.0; t 22 °C; pH 13.0-14.0). 

An express method using a solution containing Pb(CH3COO)2 50 g/l was used to evaluate the protective ability 

of conversion cerium-containing coatings. According to this method, the protective ability of the coating was 

estimated in seconds, like the time before the color change of the control section from the transparent to black 

under a drop of a solution on a zinc base. 

The thickness of the coatings was determined by ellipsometric method using the spectroscopic ellipsometer 

SENreseach 4.0 from SENTECH.   

The composition of the surface layers was studied using X-ray photoelectron spectroscopy (Omicron, 

Taunusstein, Germany) (XPS). The panoramic spectra were also recorded after argon-ion etching of the 

coating in different depths. Thus, the composition of the coating at different distances from the substrate was 

determined. The pressure of the inert gas in the working chamber was maintained at this level, so that the ion 

energy and the ion current rate, and consequently, the etching rate, were constant. When analyzing the 

obtained spectra, it was considered that the analyzing beam penetrates the material to the depth of 5 nm, i.e., 

the resulting spectra correspond to a layer of material 5 nm thick.  

To determine the self-healing ability of the applied coatings, transverse incisions were made on the surface. 

The area was photographed with the LEXT-OSL 4100 confocal laser microscope. The samples were then 

placed in a 0.03 M NaCl solution. After a predetermined time (48 hours), the samples were removed from the 

chamber, dried in air, and then again photographed the same section of the sample surface. 

Corrosion tests were carried out in a salt fog chamber Ascott S450iP in accordance with the international 

standard ASTM B117. 

Current-voltage and impedance studies were carried out using an IPC potentiostat with an FRA attachment 

and a three-electrode glass cell thermostated at 25 °C in 3% NaCl. The counter electrode was a titanium plate, 

the surface area of which significantly exceeded the overall area of the working electrode. The potentials were 

measured relative to a saturated silver -chloride electrode and then recalculated to the scale of a standard 

hydrogen electrode. The potential sweep rate when obtaining voltammograms was 50 mV/s. The impedance 

was measured in a potentiostatic mode at a stationary potential in the frequency range 0.1 Hz - 20 kHz at a 

potential oscillation amplitude of 10 mV.   

To analyze the equivalent circuits and calculate the denominations of their elements, the DCS program 

(Dummy Cell Solver), created by V.E. Kasatkin (IPCE RAS), was used. This program allows you to calculate 

the theoretical frequency dependence of the impedance of the selected circuit and compare it with the 

experimentally obtained dependence. The optimization of the nominal values of the elements of the selected 

equivalent circuit is performed according to the criterion of minimizing the relative error between the 
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experimental and simulated values of the impedance vectors for each measurement in the investigated 

range.   

3. EXPERIMENTAL  

Technological processes of deposition of cerium- and lanthanum-containing coatings on galvanized steel, 

developed earlier at the Department of Innovative Materials and Corrosion Protection (Mendeleev University 

of Chemical Technology of Russia, Russian Federation), were selected as objects of research. The 

compositions of solutions and process parameters are given in (Table 1). [15,16].  

Table 1 Compositions of solutions and parameters  

Compound №1 №2 №3 

Ce(NO3)3х6H2O, g/l 9.3 - 6.2 

La(NO3)х6H2O, g/l - 12 3.12 

H2O2 (37%) 10 10 10 

H3BO3, g/l 1.3 1.3 1.3 

Process parameters 

pH  2.5 - 3 2.5 - 3 2.5 - 3 

Solution temperature, °С 40 - 50 40 - 50 40 - 50 

Duration of the process, s 45 - 60 45 - 60 45 - 60 

Drying temperature, °С 70 - 80 70 - 80 70 - 80 

Drying time, min 10 - 15 10 - 15 10 - 15 

Lanthanum and cerium ions were introduced into the solution in the form of their nitric acid salt 

[La(NO3)3·6H2O], [Ce(NO3)3·6H2O] and hydrogen peroxide (H2O2) was used as an oxidizing agent.  

3.1. Investigation of the chemical composition of the forming coatings  

The chemical composition of the forming cerium- and lanthanum-containing coatings has been investigated. 

The survey XPS spectra of the coating formed in the working solution №1 indicate the presence of oxygen, 

cerium, zinc and nickel in the coating. From the individual spectra of cerium (Figure 1 a), zinc (Figure1b), 

nickel (Figure 1c), and oxygen (Figure 1d), it can be seen that cerium is present in the coating in the form of 

CeO2 oxide, zinc in the form of ZnO and Zn(OH)2, nickel in the form of Ni(OH)2. It was found that nickel is 

included only in the cerium-containing coating formed from solution №1. The lanthanum-containing coating 

consists of La2O3, ZnO and Zn(OH)2. Ce-, La-containing coating formed from working solution №3 consists of 

CeO2, La2O3, ZnO and Zn(OH)2.  

3.2. Tests of the coatings 

In order to identify the possibility of operating coatings under high-temperature conditions (thermal shock), the 

samples were heated for 1 hour at a temperature of 160 °C. It was found that the protective ability of cerium-
containing, lanthanum-containing and cerium-, lanthanum-containing coatings after thermal shock did not 

change, while the protective ability of chromate coatings, as expected, decreased to 20 seconds. 

It is known that in the presence of small damage, the chromate film is capable of secondary passivation, since 

the moisture present on the surface leaches chromic acid ions, which fall on the bare places and again 

passivate zinc and its alloys. The ability of cerium- and lanthanum-containing coatings to self-generation has 

been determined. Using confocal microscope, it was revealed that the scratch after 48 hours is almost 
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completely overgrown by the formed coating, thus it was shown that cerium-containing and Ce, La-containing 

coatings have the ability to self-heal (Figure 2).  

 

Figure 1 Individual XPS spectra of cerium (a) zinc (b), nickel (c) and oxygen (d) in the cerium-containing 

coating 

 

Figure 2 Image of a scratch on the coating before and after testing in 0.03 M NaCl solution:  

a) before testing; b) cerium-containing coating after 48 hours of testing; c) cerium-, lanthanum-containing 

coating after 48 hours of testing  
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It is known that the ability of chromate films to self-regenerate - to "self-heal" is based on the following 

reactions:  

Cr(OH)CrO4 + 2H2O = Cr(OH)3 + H2CrO4                                                                                                          (1) 

(ZnOH)2CrO4 + 2H2O = 2Zn(OH)2 + H2CrO4                                                                                                                                                          (2) 

where the moisture present on the surface leaches chromic acid ions, which fall on the bare places and again 

passivate zinc.  

It can be assumed that in the case of cerium- and Ce, La-containing coatings in the presence of moisture on 

the bare area, the following reactions will occur:  

Zn → Zn2+ + 2e-                                                                                                                                                (3) 

O2 + 2H2O + 4e- → 4OH-                                                                                                                                  (4) 

Zn2+ + 2OH− → Zn(OH)2                                                                                                                                   (5) 

4Ce(OH)22+ + 2OH-→ 4Ce3++5/2O2+5H2O                                                                                                      (6) 

It should be noted that self-healing properties have not been found on lanthanum-containing coatings. 

Apparently, this is due to the fact that lanthanum, unlike cerium, has only one valency +3 and it has no 

opportunity to be reduced to a lower valence state.  

Corrosion tests (ASTM B117) in a salt spray chamber were carried out. It has been established that the time 

before the appearance of the first spot of white corrosion on cerium- and lanthanum-containing coatings is 180 

hours, which is higher than the protective ability of rainbow chromate coatings (170 hours).  

In this work, impedance spectroscopy was also used to compare the protective characteristics of conversion 

coatings. 

It is known that Nyquist diagrams (hodographs) show charge transfer resistance from solution to metal and 

vice versa, so the larger the hodograph loop, the more difficult this process is, and, therefore, the hodographs 

can be used to assess the barrier characteristics of the coatings (Figure 3). 

 

Figure 3 Nyquist diagrams for Zn-Ni alloys with protective coatings:  

1 - Zn-Ni; 2 - La; 3 - Ce; 4 - Ce-La; 5 - Cr (VI) 
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The given hodographs indicate that the greatest difficulties in charge transfer occur in the case of Ce, La- 

containing coating. The hodograph radii of samples with Ce, La- and chromate coatings are comparable. 

It should be noted that the results of impedance spectroscopy are consistent with the above results of corrosion 

tests.  

4. CONCLUSION 

As a result of this study, it was found that the developed cerium-, lanthanum-containing passivating coatings 
on the zinc-nickel alloy are comparable in corrosion resistance and protective ability to chromate coatings and 
can be an alternative to the latter.  
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Abstract 

Flash-pulse thermography is a method for the detection of discontinuities or inhomogeneities in materials at 

their surface. It is based on excitation of inspected samples by a short pulse and analysis of its thermal 

response. It is basically an indicative method, however, quantitative procedures for an evaluation of defects 

detectability, defects depths or a thickness of coatings are also developed. The quantitative evaluation has, in 

general, higher demands on the accuracy of a measurement procedure. This contribution is focused on the 

analysis of parameters of recording of thermographic data. The influence of synchronization of a sample 

thermal response recording with an excitation source is analyzed. Differences between recording using a 

bolometric thermographic camera and a cooled detector based thermographic camera are demonstrated on 

flat-bottom hole samples. The results show that a high-level synchronization is crucial for the quantitative 

evaluation of flash-pulse thermography. It is also shown that the cooled quantum detector based 

thermographic cameras have better temperature response in the case of cooling process measurement and 

can produce higher sensitivity and lower noise records. Thus, it should be used for any quantitative flash-pulse 

thermography measurement, even if a bolometric detector type camera would satisfied framerates 

requirements. 

Keywords: Active thermography, thermographic testing, flash-pulse thermography, infrared non-destructive 

testing 

1. INTRODUCTION 

Thermographic testing is an active thermography method, which is used for a near-surface material inspection. 

It is based on a thermal excitation of a measured object, which induces a thermal process. The process is 

influenced by defects or other inhomogeneities in the object if these are present. It can be reflected by a 

thermal response on an object surface. The defects can be indicated by an analysis of the thermal response 

by a suitable active thermography method. The methods and principles of the active thermography testing are 

more in detail described for example in Maldague [1], advances, historical progress and state-of-the-art are in 

Meola [2] or Vavilov [3]. 

Active thermography - infrared non-destructive testing (IRNDT) represents a very variable and flexible group 

of methods. Different excitation sources (flash lamps, halogen lamps, ultrasound etc.), excitation methods 

(pulse, periodical, step etc.) and evaluation procedures (temperature differences evaluation, principal 

components thermography, TSR - thermographic signal reconstruction, pulse-phase, lock-in etc.) can be used 

based on applications and other requirements. An overview of thermographic temperature measurements and 

IRNDT can be found, e.g., in [4] and [5]. The most common methods of pulsed thermography, which this 

contribution is focused on, are introduced in [6] or [7].  
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IRNDT methods are basically contrast-based methods. Their outputs are mostly temperature differences or 

differences of some temperature transformed quantity. The differences make regions with a different contrast, 

which can indicate possible defects or inhomogeneities in tested objects. However, the newest trends in active 

thermography are aimed at quantification of the results. This quantification can be focused on both quantitative 

evaluation of indications visibility (e.g., using contrast to noise ratio [8]) or additional quantification inspection 

results (e.g., defects depth estimation [9] or coating thickness inspection [10]). Limits of measurement 

equipment, parameters of the inspection and thermal response measurement accuracy can play a much more 

important role in such kind of evaluation than in the case of a simple contrast-based inspection with categorical-

binary outputs (defective/non-defective). 

A used infrared camera is one of the variable parameters in flash-pulse IRNDT. For some applications, mostly 

in the case of high-diffusivity materials, it is necessary to measure a very short time range after the pulse with 

a high frame rate. Cooled high-speed IR cameras can be only used in this case. However, lower framerates 

than 50 or 25 Hz can be sufficient for low-diffusivity materials. In this case, the cooled (quantum detector 

based) IR camera could be replaced by a standard bolometric-type detector IR camera. These cameras are 

typically significantly cheaper. However, even though their framerate could be sufficient, their output signal is 

often noisier and mostly cannot be synchronized so precisely as the cooled high-speed IR cameras. Thus, this 

study is focused on a comparison of bolometric and high-speed IR cameras for a flash-pulse thermography 

sub-surface defects inspection of a steel part. The usability of cheaper bolometric IR cameras for these 

measurements is analyzed. 

2. EXPERIMENTS DESCRIPTION 

The flash pulse thermography inspection experiments were made on an AISI 446 steel specimen with flat 

bottom holes artificial defects. The specimen's dimensions were 200 x 150 mm, its thickness was 5.15 mm. 

There were 22 flat bottom holes of different diameter and depth made from the bottom side of the specimen. 

The inspections were made from the top side of the specimen and the holes so simulated defects of the 

diameter and depth in ranges 0.8 - 9.9 mm and 0.15 - 4.15 mm, respectively. 

The experimental setup consisted of a flash lamp (Hensel EH Pro 6000), which excited the specimen from its 

top side with a flash pulse of the power 6 kJ and a length of about 6 ms. Response of the specimen was 

measured by a bolometric detectors type camera Optris PI 640 and by a quantum detector type camera FLIR 

A6751. Regarding datasheets information the temperature measurement accuracy of both cameras  

was ±2 °C. However, NETD (Noise Equivalent Temperature Difference) of the Optris and FLIR cameras was 

75 mK and 25 mK, respectively. The flash lamp was perpendicular to the tested surface in the distance of 500 

mm and the camera was at an angle of about 30° in the distance of 550 mm. Acquisition frequency (framerate) 

and length were 50 Hz and 1000 frames, respectively, for both cameras. Optris camera was not precisely 

synchronized, and the highest temperature of a record was taken as a start point. The FLIR A6751 camera 

was used without synchronization and/or synchronized with the flash pulse [10] with precision of about 2 µs 

and the results were compared.  

The results of the inspections were processed by standard ways for thermographic testing - temperature, 

temperature contrast (differences) and processing by TDTS 1st derivatives [11]. Those methods were  

compared for individual IR cameras. 

3. RESULTS AND DISCUSSION 

The raw results of the inspections are time-sequences of thermograms and/or defectograms. The 

thermograms and 1st time derivative of thermographic signal (TDTS) maps obtained by the FLIR and the Optris 

cameras after selecting frames with the best contrast of detected indications are shown in Figure 1. Six or 

seven indications (5/6 indications at the top, 1 indication at the bottom of the specimen, Figure 1 A and C) can 
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be seen on the raw thermogram images recorded by both FLIR and Optris cameras. It is also evident by a 

visual inspection, that a noise level is much higher at the Optris image than at the FLIR image. That is 

apparently the main reason that additional indications appear after 1st TDTS processing of the FLIR record 

(6/7 indications at the top, 4/5 indication at the center and 3/4 indication at the bottom of the specimen, 

Figure 1 B), but no additional indications can be observed after 1st TDTS processing at the Optris image 

(Figure 1 D) although the indications are more contrast after processing than on the raw thermogram. 

 

Figure 1 Thermograms and TDTS 1st derivative defectograms of the flash pulse inspections of the steel 

specimen made using FLIR A6750 and Optris PI640 cameras. 

The observation relating to the higher noise can be also confirmed by temperature-time profiles at individual 

points shown in Figure 2. 

 
Figure 2 Time-temperature profile at a defect-free region and the positions of defects D1 and D2 measured 

by FLIR (cooled) and Optris (bolometric) cameras (A), time-temperature profile recorded by FLIR for a 

synchronized and non-synchronized mode at a defect-free region and a position of a defect (B). 
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The thermograms/defectograms based observations relating the higher noise at Optris IR camera output is 

evident on temperature-time profiles for both defect-free and defects region (Figure 2 A). In addition, a 

delay/shift in the temperature evolution can be observed for the data measured by the Optris camera. This can 

be caused by a principle of micro-bolometric detectors used by the Optris camera, which are resistive radiant-

heat detectors and can have a longer response time compared to optical quantum-based detectors used by 

the cooled FLIR camera.  

A comparison of temperature responses on defect-free and defect regions acquired by the FLIR camera in 

synchronized and non-synchronized modes are shown in Figure 2 B. The synchronization allows recording 

the very first frame during the heat pulse and gives precise information about time counts after the flash pulse. 

While unsynchronized sequence contains the flash pulse between the recorded frames and does not reflect 

the maximum initial temperature and exact time steps after the flash pulse. It can be observed in time-

temperature progress in log-log plot in Figure 2 B. 

CONCLUSION 

The results of the performed analysis showed that both cooled quantum-detector based IR camera (FLIR 

A6751) and micro-bolometer type IR camera (Optris PI 640) produced similar raw thermographic records, 

where the same or a similar number of indications of sub-surface defects (6/7 of 22 total defects indicated) 

could be identified. However, it was shown that the cooled IR camera has a higher sensitivity and noticeably 

lower noise level that influenced the results of the subsequent processing by the TDTS procedure. This 

thermographic processing caused a contrast enhancement of the previously found indications for both 

cameras. It also revealed the next indications (together approximately 15 of 22 total defects indicated) using 

the FLIR camera records while the evaluation of the Optris IR camera record did not bring quantitative 

enhancement of the results. 

The temperature delay/shift can be observed on the time-temperature data provided by the Optris IR camera. 

Another disadvantage of these IR cameras (bolometric-type detector cameras in general) is that they cannot 

be synchronized precisely enough with a flash-pulse. The presented comparison between synchronized and 

non-synchronized records performed for the FLIR camera showed that it can add additional errors and 

uncertainty to the results. These drawbacks together with higher noise can significantly - negatively influence 

the quantitative evaluation of results, for example, a set of an exact position of some specific points on time-

temperature transformed curve, which is necessary for defect depth [9] or coating thickness [12] determination. 

Thus, it can be concluded that non-cooled bolometric-type IR cameras can be used for flash-pulse qualitative 

inspection if high sensitivity is not required but should not be used for high-accuracy quantitative 

measurements.  
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Abstract 

High temperature corrosion is a serious problem related to the combustion of heavy oils with high vanadium 

contents. Protective overlay coatings are used to allow functioning of engineering components under extreme 

conditions and provide corrosion resistance to extend the component life. This article is concerned with the 

high temperature corrosion behaviour of two protective NiCr-based coatings and bare structural steel 1.4959 

(W.nr.) in a molten salt environment of 40% Na2SO4 and 60% V2O5 at 750 °C under cyclic condition. NiCr and 

NiCrMoNbTa coating was deposited on steel 1.4903 (W.nr.) by Twin wire arc spray technology (TWAS). To 

establish the kinetics of corrosion, the thermogravimetric technique was used. The X-ray diffraction (XRD), 

scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS) techniques were used to 

analyse the corrosion products and determine the corrosion mechanism. The hot corrosion resistance of both 

coatings was better than bare steel samples. The NiCrMoNbTa coating showed better corrosion behaviour 

than the NiCr coating. However, also the NiCr coating provides sufficient protection to the substrate material. 

Keywords: High temperature corrosion, Twin Wire Arc Spray, NiCr-based coating, NiCr, NiCrMoNbTa, Heavy 

oils, Vanadium 

1. INTRODUCTION 

High-temperature corrosion is a serious problem in the case of the materials degradation of boilers, gas 

turbines, internal combustion engines and industrial waste incinerators. However, superalloys are designed 

for high-temperature applications, they are not able to meet a sufficiently hot corrosion resistance and high 

thermal strength at the same time. For this reason, protective coatings are applied to the materials of high-

temperature equipment, which prolong their service life. [1,2,3]. 

2. COATINGS DEPOSITION AND MOLTEN SALT CORROSION TEST 

Cyclic high temperature corrosion test was performed on Twin Wire Arc Spray applied NiCr-based coatings as 

well as uncoated steels samples. NiCr and NiCrMoNbTa coatings were deposited on high temperature 

corrosion resistant chrome-molybdenum steel 1.4903 (W.nr.). Uncoated nickel-iron-chromium steel 1.4959 

(W.nr.) and chrome-molybdenum steel 1.4903 were included in the high temperature corrosion test for 

comparison. The specimens were exposed to the molten salt environment 40% Na2SO4 and 60% V2O5 at 

750 °C under cyclic condition, simulating the real working environment of energy systems burning oil-based 

fuels. Each cycle comprised of 1 h of heating at 750 °C in a silicon carbide furnace followed by 20 min cooling 

at room temperature. In total, 50 cycles were applied. For the test, samples of size 20 x 20 x 5 mm were used. 

The specimens were placed in crucible boats. The weight gain of the tested samples wasn’t affected by 

possible peeling of the scale, because all parts of the scale were captured in the crucible and were weighted 
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with the samples.The resistance of the tested specimens to the high temperature corrosion was evaluated 

using the thermogravimetric method to determine the kinetics of corrosion products. X-ray diffraction (XRD), 

scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS) techniques were used to 

analyse the corrosion products and determine the corrosion mechanism [4].  

3. RESULTS 

3.1. Corrosion kinetic 

Weight change measurements were performed after each testing cycle to establish the kinetics of corrosion. 

The weight gain graph for coatings and bare steel substrate during cyclic exposure to the molten salt 

environment is shown in (Figure 1). The first 10 testing cycles of the high temperature corrosion test are not 

recorded in the weight gain graph because the corrosion behaviour of the samples was affected by the 

formation of the passivation oxide layer and the test stabilization. Weight gains observed during the high 

temperature corrosion test were caused by the formation of corrosion products. The best corrosion resistance 

was shown by the sample with the smallest oxidation rate. The gravimetric curves shapes of both coatings and 

steel 1.4903 are comparable. Both coatings show much lover weight gains than the bare steel specimens. 

NiCrMoNbTa coating shown better corrosion behaviour than NiCr coating. The gravimetric curve of steel 

1.4959 has an almost linear course. From this, it can be concluded that no protective passivation oxide layer 

was formed on the coating surface, which would slow the progression of corrosion.  

 

Figure 1 Weight gain versus the number of test cycles graph for tested samples after the exposure to the 

40% Na2SO4 and 60% V2O5 corrosion environment 

 
 

 
 

 
 

a) NiCr b) NiCrMoNbTa c) Steel 1.4903 d) Steel1.4959 

Figure 2 Macroscopic photography of tested samples after exposure to 40% Na2SO4 and 60% V2O5 

corrosion environment 

Macroscopic photography of both coating after exposure are given in (Figures 2 a and 2 b). Loss of original 

shape was observed for the steel 1.4903 sample (Figure 2 c). The uncoated 1.4959 steel showed significant 

weight gain and extensive peeling (Figure 2 d) during the entire period of the test. 
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3.2. SEM and EDS cross-section analysis 

SEM and EDS techniques were used to analyse the corrosion products and determine the corrosion 

mechanism. The results of SEM and EDS cross section analyses of coatings and bare specimens after the 

exposure to the aggressive corrosion environment 40 % Na2SO4 and 60 % V2O5 are given in (Figures 3-7). 

    
a) NiCr b) NiCrMoNbTa c) Steel 1.4903 d) Steel 1.4959 

Figure 3 SEM photograph of tested samples after exposure to the 40% Na2SO4 a 60% V2O5 corrosion 

environment 

A continual and porous corrosion layer was formed on the surface of the NiCr sample (Figure 3). High-

temperature corrosion attack of the coating has a surface character. The corrosion layer is formed by oxides 

of nickel, chromium and vanadium, which comes from a corrosive environment. Sulphur from the corrosive 

environment diffused through the corrosion layer into the coating. 

    

 

   

a) Elements of the substrate 

    

b) Corrosion elements 

Figure 4 SEM photograph and EDS map of the cross-section of NiCr coating after the exposure to the 

40% Na2SO4 a 60% V2O5 corrosion environment a) Elements of the substrate b) Corrosion elements 

The corrosion layer on the top of NiCrMoNbTa coating (Figure 5) is mainly formed by oxides of chromium and 

vanadium. Small amounts of nickel, niobium and tantalum were also detected. In the case of molybdenum and 

sulphur, the peaks in the EDS spectrum overlap, so they could not be distinguished. High temperature 
corrosion attack of the coating has a surface character.  
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a) Coating elements 

    

b) Corrosion elements 

Figure 5 SEM photograph and EDS map of the cross-section of NiCrMoNbTa coating after the exposure to 

the 40% Na2SO4 a 60% V2O5 corrosion environment a) Elements of the substrate b) Corrosion elements 

 
   

   

 

a) Coating elements 

    

b) Corrosion elements 

Figure 6 SEM photograph and EDS map of cross-section of bare steel 1.4903 after the exposure to the 

40% Na2SO4 a 60% V2O5 corrosion environment a) Elements of the substrate b) Corrosion elements 

The bare steel 1.4903 suffered a severe corrosion attack, see (Figure 6). The corrosion layer consists mainly 

of iron oxides and a smaller amount of oxides of chromium and manganese. The upper half of the corrosion 

layer is rich in vanadium, which comes from a corrosive environment. The presence of silicon was detected in 

the corrosion layer, which is probably the residue of the polishing medium used for metallographic preparation. 

At the interface of the corrosion layers and the base material, a thin area rich in chromium is visible, under 

which the depleted area is located. Again, molybdenum and sulphur overlapped. 
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The SEM micrograph for high temperature corroded steel 1.4959 (Figure 7) reveals the thick corrosion layer 

formed by oxides of iron, chromium, nickel, manganese, titanium and aluminium. At the interface of the 

corrosion layer and the base material, a layer rich in sulphur and nickel was formed, this layer is depleted of 

chromium. The silicon that is found on the surface of the corrosion layer probably comes from a polishing 

medium. Vanadium diffused into the oxide layers and further into the sample surface. Vanadium and sulphur 

diffused from the corrosion medium into the corrosion layer. 

    

    

c) Coating elements 

    

d) Corrosion elements 

Figure 7 SEM photograph and EDS map of the cross-section of bare steel 1.4959 after the exposure to the 

40% Na2SO4 a 60% V2O5 corrosion environment a) Elements of the substrate b) Corrosion elements 

3.3. XRD analysis 

Table 1 XRD results for tested samples after exposure to the 40% Na2SO4 a 60% V2O5 

Sample Majority phases Minority phases 

NiCr Ni3V2O8,Na2SO4 - 

NiCrMNbTa Ni3V2O8, Na2SO4 - 

Bare steel 1.4903 Fe2O3 - 

Bare steel 1.4959 Fe3O4, Fe2O3 - 

Results of XRD analysis of tested samples after exposure to the molten salt environment 

40% Na2SO4 a 60% V2O5 are given in (Table 1). The XRD analysis was performed on the surface of the high 

temperature corrosion tested specimens gently cleaned from the corrosive medium. The XRD analysis of NiCr 

and NiCrMNbTa coatings detect Ni3V2O8 and residues of corrosion environment Na2SO4 on the top of the 

corrosion layer. The oxide scale of both uncoated steels is mainly by iron oxides Fe2O3. In addition, the 

presence of oxide Fe3O4 was detected on the top of steel. 1.4959.  

4. CONCLUSION 

In the current investigation, two NiCr-based coatings applied using Twin Wire Arc Spray technology are 

compared. The NiCr and NiCrMNbTa coatings were exposed to the 40% Na2SO4 a 60% V2O5 molten salt 
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environment at 750 °C under cyclic condition, simulating the working environment of energy systems burning 

oil-based fuels. 

The coated specimens have shown better hot corrosion behaviour than the bare substrate materials in the 

present investigation. Both protective coatings showed good corrosion resistance. Based on the 

thermogravimetric method, it can be said that the NiCrMNbTa coating showed slightly better resistance to high 

temperature corrosion. The results of EDS and SEM analyses show surface corrosion attack of both coatings. 

Corrosion layer of coatings is formed dominantly by nickel, chromium and vanadium, which comes from a 

corrosive environment. Sulphur diffused into the surface of the NiCr coating. Small amounts of nickel, niobium 

and tantalum were detected in the corrosion layer of NiCrMNbTa coating. In the case of molybdenum and 

sulphur, the peaks in the EDS spectrum overlap, so they could not be distinguished in the materials containing 

both elements.  

Both bare steel samples suffered severe corrosion attack. On the top of bare steel samples is a thick oxidic 

layer mainly formed by iron oxides. A small amount of chromium and manganese was detected on the top of 

the steel 1.4903 corrosion layer. The upper half of the corrosion layer was rich in vanadium from a corrosive 

environment. At the interface of the corrosion layers and the base material is a thin area rich in chromium. 

Again, molybdenum and sulphur overlapped. Loss of original shape was observed for the steel 1.4903 sample. 

The oxide layer of bare steel 1.4959 is formed by iron, chromium, nickel, manganese, titanium, aluminium and 

vanadium, which comes from a corrosive environment. At the interface of the oxide layer and the base material 

is a layer rich in sulphur and nickel this layer is depleted of chromium. A small amount of vanadium diffused 

into the sample surface. Vanadium and sulphur diffused from the corrosion medium into the corrosion layer. 

The bare steel 1.4959 showed extensive peeling during the entire period of the test. 
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Abstract 

Tribology deals with the interaction of surfaces in relative motion depending on their design, friction, wear and 

lubrication. Proper use of PTA coatings can significantly reduce friction and wear, leading to reduced energy 

consumption and extended service life. 

According to various experiences and areas of application, tribological coatings play a key role in the 

performance of mechanical components and products by increasing the life of the working material and 

reducing energy dissipation as heat, thus increasing the efficiency of the moving. 

Article deals with tribology wear, abrasion, resistance of plasma deposited cermet's based on B4C particles in 

Ni-based matrix, impact of the phenomenon on industrial tribology and related processes on the environment. 

The main part of this case study is the risk factor estimation of plasma-welded material on tribologically treated 

surfaces by two main factors. 

First, showing the impact of heat-treated Inconel + B4C samples during tribology test on surface roughness 

and friction coefficient. Second showing the impact of possible impurities generated during this process on the 

environment. 

Keywords: Risk, tribology, friction, plasma-transferred arc, surface coating 

1. INTRODUCTION 

Ni-based super alloy type Inconel® is a solid solution derived from refractory elements including niobium 

and molybdenum, in a nickel-chromium matrix [1]. Alloy of the type 625 has good corrosion resistance, good 

combination of yield, tensile, high temperature strength, excellent weld ability and creep strength [2], that led 

to its application in different areas such as aeronautics, aerospace, marine, nuclear, chemical 

and petrochemical industries. [3] Talking about wear resistance like valve components, for example, is 

considered as potential application due to robustness necessity [4]. Depending on previous researches 

Inconel® usage and applications in manufacturing technologies is remarkably difficult and expensive, due to 

fact that it has low wear resistance characteristics. [5] 

Boron carbide is characterized by a unique combination of properties that make it a choice for a wide range of 

engineering applications [6]. Boron carbide is used in refractory applications, due to its high melting point and 

thermal stability [7]. It is used as abrasive powders and coatings due to its extreme abrasion resistance; it 

excels in ballistic performance due to its high hardness and low density; In addition, boron carbide is a high 

temperature semiconductor that can potentially be used for novel electronic applications [5]. 

Plasma powder transferred arc welding (PPTAW) is one of the techniques used in modification and 

regeneration of the surfaces of machine components. By correctly adjusting the arc power, this method allows 

control of the substrate penetration depth with high accuracy, achieving less than 5 % base metal content in 

the deposit [1]. Thus, in order to obtain a coating with specific operating characteristics, it is sufficient to create 

a coating of small thickness, which has a measurable economic effect. In addition, selecting appropriate 
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plasma welding parameters allows surface layers obtain with thicknesses from 0.25 to 5- 7 mm and a high 

level of metallurgical purity [8] (Figure 1). 

 

Figure 1 Schematic representation of the PPTAW deposited process [9] 

A cermet is a composite material composed of ceramic (cer) and metal (met) materials. A cermet in this study 

is designed to have the optimal properties of both a Boron Carbides (B4C) ceramic, such as high temperature 

resistance and hardness, and those of an Inconel® alloy, such as ability to undergo plastic deformation. [10], 

[11]. Following to properties of Inconel matrix and B4C particles, the cermet was chosen. 

Frictional wear is the mechanical and/or chemical damage, caused by friction, which affects the quality of the 

materials in contact with each other [12]. Therefore, continuous improvement in the performance in terms of 

shape stability, impact resistance is required [8], [10]. Friction and wear (typically wear rates and wear 

resistance) material properties are measured Estimated to determine using various types of tests, while ball 

on flat disk test being probably one of the most common [13]. The popularity of the method is due to its relative 

simplicity and abundance of the tribological contacts that can be well described by the simple pin on disk 

motion [14]. 

The specific field of green or environment-friendly tribology emphasizes the aspects of interacting surfaces in 

relative motion, which is important for energy or environmental. The control of friction and wear, which is of 

importance for energy conservation and conversion, environmental aspects of lubrication and surface-

modification techniques and tribological aspects of green applications, such as wind-power turbines, tidal 

turbines or solar panels. [15] 

Previous studies selected a single tribo-pair, and just paid close attention to the tribo-chemical reactions of 

B4C, but lost sight of having cermet's based on B4C particles in Ni-based matrix [16], [6]. 

Hence, it is necessary to investigate the effect of the mating material on the tribological performances of the 

cermet's based on B4C particles in Ni-based matrix. 

This article estimates risk of damaged and occurred wear to Cermet (B4C Ceramics with Inc.625, applied by 

plasma welding on surfaces), by tribological in-vitro test. 

2. EXPERMENTAL 

2.1.  Inconel 625 samples preparation 

Samples were deposited by a manually controlled procedure, with a commercially available plasma hard facing 

automate PPC 250 R6 (KSK, s.r.o., Czech Republic) in a tight chamber. Used machine is designated for glass 

industry applications, mainly for hard facing of glass mold edges. The hard facing automate can work with 

plasma current pulses up to 200 [Hz] between 50 and 250 [A]. [9] 
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2.2. PPAD processing parameters: 

The coatings consist of one layer. This layer was done by using pulsation between 45 and 125 [A] with a 

frequency of 5 [Hz] to ensure the good metallurgical bond between the substrate and deposited layer. 

Parameters for study experiment have been chosen (Table 1). 

Table 1 Processing parameters of pulsed plasma arc deposition 

Parameters 
Peak 

current IP 
(A) 

Background 
current Ib 

(A) 

Pulse 
frequency f 

(Hz) 

Welding 
speed 

(m/min) 

Powder Filler 
material 
(g/min) 

Oscillation  

Value 100 45 28.7 0.4 1.5 28mm by 28 mm/s 

2.3. Temperature Measurement during samples Preparation 

Temperature was measured by thermocouples T1, T2, and T3. These measuring points were attached to 

samples according to (Figure 2). Surfacing procedure took from 2 to 6 min. During this surfacing time, the 

temperature of the work piece increased rapidly to reach maximum limit approx. 900 °C on T1 point. [8] 

 

Figure 2 Attached Temperature Measuring Points on testing samples 

2.4. Testing samples heat treatment before Tribology test 

Heat Treatment is necessary for the precipitation of strengthening phases and improvement of the mechanical 

properties. Detailed conditions of applied heat treatment method are listed in Table 2. [1], [2], [8] 

Table 2 Heat Treatment Plan 

Step 1 aging Heat to 720 °C during 180 min, hold for 8h, furnace cool to 620 °C, hold for 8h, air cool 

Step 2 solution Heat to 980 °C during 180 min, hold for 1h, air cool 

 

Figure 3 Parts polished and prepared 

for tribology test 
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Due to fact that samples surface is rough and would make a high deformation during tribology test. Grinding 

for samples’ surface was done to make surface suitable for testing applications. (Figure 3) 

2.5. Tribology Test  

2.5.1. Roughness Measurement 

Two roughness parameters namely average roughness (Ra) and mean peak to valley height (Rz), which are 

used to determine quantities surface characteristics of the panels, were measured. Showing three measuring 

points on the same horizontal line. Each one of these measuring points has 1cm length. 

2.5.2.  Ball on flat disk Tribology Test 

Tribological test parameters are: Measured distance 30 (mm), Velocity: 1 (mm/s), Acceleration: 0.1 (s), 

Duration: 30 (min), Force 10 (N). By running this test, we have concluded friction coefficient results.  

3. RESULT AND DISCUSSION 

SAMPLES: Ten deposits of cermets with 10mm thickness have been prepared. Particles (Ni 625 70% + B4C 

30%) were deposited as one layer (Figure 4). 

 

Figure 4 10 samples with one layer deposited cermets 

of samples during PTA: Welding process was continuous and no fast decreasing temperature of the work 

piece was obtained. Figure 5 shows temperature change was the biggest for the deposits welded with welding 

parameters T1, because of high heating temperature, up to 900 °C and was controlled below 1000 °C. 

 

Figure 5 Temperature profile during PTA surfacing 
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Tribology test: Two results were obtained during the test and they will be considered as a part of our risk 

assessment: 

 Result of surface roughness of the parts before and after heat treatment are the same. No remarkable 

differences according. 

 The friction coefficient, of Inconel with B4C composite welded by PTA deposits without heat treatment, 

was (0.166) lower when compared to the heat-treated samples (0.30675). 

Table 3 Average roughness values comparing with/ without heat treatment spacing) 

Measuring Points 1 2 3 

Axis 
Surface 

Polishing HT 
Ra μm Rz μm Ra μm Rz μm Ra μm Rz μm 

X Yes Yes 1.4275 11.78 1.595 13.06 1.8575 14.76 

Y Yes Yes 2.025 14.6575 2.2325 14.2 2.415 15.9675 

X Yes No 1.0475 10.6775 1.05 9.65 1.745 15.1825 

Y Yes No 1.9525 14.385 2.17 17.8575 2.32 16.3675 

4. CONCLUSION 

A relative risk assessment considered here for the industrial fabrication and application of these cermets. The 

production processes for these materials were selected for this analysis, based on their current or near-term 

potential for large-scale production and commercialization. 

As conclusion, a risk Estimation, based on mechanical proof, clarify that by applying heat treatment for studied 

samples, a wear resistance improvement was noticed and proved. 

ACKNOWLEDGEMENTS   

The research was financed by SGS19/163/OHK2/3T/12. Research, optimization and innovation of 
production processes. Thanks to Pavel Rohan for providing samples of cermet coatings and thanks 

to Mikronex for grinding the surfaces of the samples. 

REFERENCES 

[1] XU, F.J., LV, Y.H., XU, B.S., LIU, Y.X., SHU, F.Y., HE, P. Effect of deposition strategy on the microstructure and 

mechanical properties of Inconel 625 superalloy fabricated by pulsed plasma arc deposition. Materials & Design. 
[online]. 2013, vol. 45, pp. 446-445. Available from: https://doi.org/10.1016/j.matdes.2012.07.013. 

[2] SHANKAR, V., RAO, K.B.S., MANNAN, S.L. Microstructure and mechanical properties of inconel 625 superalloy. 
Journal of Nuclear Materials. [online]. 2001, vol. 288, pp. 222-232. Available from: https://doi.org/10.1016/S0022-

3115(00)00723-6. 

[3] FLOREEN, S., FUCHS, G.E., YANG, W.J. Metallurgy of alloy 625. In: Superalloys 718, 625 and Various 
Derivatives. Pittsburgh, PA, U.S.A.: The Minerals, Metals and Materials Society, 1994, pp. 13-37. 

[4] XU, F., LV, Y., LIU, Y., XU, B., HE, P. Effect of Heat Treatment on Microstructure and Mechanical Properties of 
Inconel 625 Alloy Fabricated by Pulsed Plasma Arc Deposition. Physics Procedia. [online]. 2013, vol. 50, pp. 48-

53. Available from: https://doi.org/10.1016/j.phpro.2013.11.010. 

[5] GUNEN, A., KANCA, E. Microstructure and Mechanical Properties of Borided Inconel 625 Superalloy. Matéria. 
[online]. 2017, vol. 22, no 2. Available from: https://doi.org/10.1590/S1517-707620170002.0161. 

[6] XUEQIAN, CAO, LUNLIN, SHANG, YONGMIN, LIANG, ZHIBIN, LU, GUANGAN, ZHANG, QUNJI, XUE. 

Tribological investigation of boron carbide films sliding against different mating materials under high relative 
humidity. Ceramics-Silikáty. 2019, vol. 63, no. 4, pp. 380-389. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

806 

[7] DOMNICH, V., REYNAUD, S., HABER, R.A., CHHOWALLA, M. Boron Carbide: Structure, Properties, and 

Stability under Stress. Journal of the American Ceramic Society. 2011, vol. 94, no. 11, pp. 3605-3628. Available 
from: https://doi.org/10.1111/j.1551-2916.2011.04865.x. 

[8] XU, F., LV, Y., LIU, Y., SHU, F., HE, P., XU, B. Microstructural Evolution and Mechanical Properties of Inconel 
625 Alloy during Pulsed Plasma Arc Deposition Process. Journal of Materials Science & Technology. 2013, vol. 

29, no 5, pp. 480-488. Available from: https://doi.org/10.1016/j.jmst.2013.02.010. 

[9] KERÄNEN, M. Effect of Welding Parameters of Plasma Transferred Arc Welding Method on Abrasive Wear 

Resistance of 12V Tool Steel Deposit. Espoo, 2010. Doctoral Dissertation. Aalto University. 

[10] WANG, M., WANG, W.X., CHEN, H.S. et al. Understanding micro-diffusion bonding from the fabrication of B4C/Ni 

composites. International Journal of Minerals, Metallurgy, and Materials. 2018, vol. 25, pp. 365-374. Available 
from: https://doi.org/10.1007/s12613-018-1580-0. 

[11] BOBER, M. Composite coatings deposited by plasma transfer - characteristics and formation. Welding 
International. 2015, vol. 29, no 12, pp. 946-950. Available from: https://doi.org/10.1080/09507116.2014.937607. 

[12] FENGAB, K., CHENAB, Y., DENGAB, P., LI, Y., ZHAO, H., LU, F., LI, R., HUANG, J., LI, Z. Improved high-
temperature hardness and wear resistance of Inconel 625 coatings fabricated by laser cladding. Journal of 

Materials Processing Technology. 2017, vol. 243, pp. 82-91. Available from: 
https://doi.org/10.1016/j.jmatprotec.2016.12.001. 

[13] KUWAHARA, T., ROMERO, P.A., MAKOWSKI, S., WEIHNACHT, V., MORAS, G., MOSELER, M. Mechano-
chemical decomposition of organic friction modifiers with multiple reactive centres induces superlubricity of ta-C. 

Nature Communications. 2019, vol. 10, no. 151. Available from: https://doi.org/10.1038/s41467-018-08042-8. 

[14] Element Materials Technology. Pin on Disk Wear Testing. [online]. [cited 2021-03-16]. Available from: 

https://www.element.com/more-sectors/medical-device/pin-on-disk-wear-testing. 

[15] BHATT, I., TRIPATHI, B.N. Interaction of engineered nanoparticles with various components of the environment 

and possible strategies for their risk assessment. Chemosphere. 2011, vol. 82, no 3, pp. 308-317. Available from: 
https://doi.org/10.1016/j.chemosphere.2010.10.011. 

[16] CAO, X., SHANG, L., LIANG, Y., LU, Z., ZHANG, G., XUE, Q. The effect of tribo-chemical reactions of mating 
materials on tribological behaviors of the B4C film in various relative humidity environments. Ceramics 

International. 2019, vol. 45, no 4, pp. 4581-4589. Available from: https://doi.org/10.1016/j.ceramint.2018.11.145. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

807 

APPLICATION OF DIGITAL MICROSCOPE FOR PREDICTION OF SURFACE QUALITY OF 

CASTINGS 

1Tomáš OBZINA, 1Jaroslav BEŇO, 1Václav MERTA, 1Petr LICHÝ, 1Klára DROBÍKOVÁ 

1VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, tomas.obzina@vsb.cz 

https://doi.org/10.37904/metal.2021.4200 

Abstract  

The aim of this work is to determine the possibility of using a digital microscope as a non-contact measurement 

for the surface quality of cores, and thus to predict the surface quality of pre-casted holes and cavities in 

manufactured castings. In this study, the test cores were manufactured on a laboratory shooting device with a 

variable shooting pressure in the range from 0 bar up to 10 bar. The effect of shooting pressure on the 

mechanical properties of the mixture and the relative porosity of the cores (marked as m) were studied with 

the aim to use this data as tool of the casting surface quality prediction. For the research, standardized cores 

for the determination of transverse strength were prepared. As the core mixture Resin Coated Sand (RCS) 

technology was used. The technology of non-contact measurement was selected, which was performed on a 

Keyence VHX 6000 series optical digital microscope, to evaluate the surface quality of the cores (roughness).  

Keywords: Foundry, casting, surface roughness, cores, RCS 

1. INTRODUCTION  

The surface quality of castings is a hot topic in the foundry industry. Surface quality is closely related to both 

the functional properties (mechanical properties, corrosion resistance) and the final appearance of the product, 

which, although usually not affecting the functional quality of the casting, often determines the choice of 

supplier [1,2,3]. The authors [4], who deal with this issue, state that the surface quality of the casting depends 

on the type of casting technology used. In their research, the surface roughness of the casting was compared 

on a mould produced by the FDB (furan direct binding/3D mould printing) method and the conventional sand 

moulding method. The results show the excellent surface quality of the resulting castings, which were cast into 

moulds made by 3D technology. They also mention the importance of the selected foundry sand fraction. The 

smaller the size of the sand grains, the better the surface obtained, but at the same time the permeability of 

the mould is reduced. Non-contact roughness measurement can also be used for roughness measurement 

[5,6], which is becoming more popular than the conventional method [7,8]. The authors [9] compared the 

roughness of different surfaces of a casting in which cores based on different binder systems (PUCB, furan 

3D printed core, RCS) were placed. At the same time, they compared the area roughness (Sa) of the cores 

and found that the cores made using RCS (resin coated sand) have excellent surface properties. 

In this work, the surface quality of the RCS mixture cores produced at different shooting pressure was 

compared. Comparisons were made both theoretically (determined by relative porosity m) and practically using 

strength characteristics, surface roughness (based on values of arithmetic mean roughness Ra, surface 

roughness height Rz) and area roughness (Sa, Sz) of the cores. Finally, it is shown how the surface quality of 

the cores can be predicted on the basis of the production parameters. 

2. MATERIALS AND METHOD 

For the purpose of the research, RCS cores were fabricated on a LUT laboratory shooting machine, Morek 

Multiserw, using a triple core box with a single cavity size of 22.5 × 22.5 × 170 mm. The parameters of the 
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core production were as follows: core box temperature 280 °C, curing time 120 s, shooting time 2 sec. The 

above parameters were kept constant during core production. The only variable parameter was the shooting 

pressure of the mixture, which was increased in steps of 2 bar from 0 to 10 bar. 

A Keyence VHX 6000 digital microscope equipped with a dual zoom objective with a magnification range of 

20x to 2000x was used to compare the surface roughness (Ra, Rz) and area roughness (Sa, Sz) of the cores. 

The areas on which the measurements were performed are shown in (Figure 1). The start of the measured 

area was always placed 50 mm from the bottom edge of the core respectively from the bottom of the core box 

where the vent screen is located. 

 

Figure 1 Location of measured areas of cores 

The surface roughness (Ra, Rz) of all cores was measured at 500x magnification using coaxial light. The photo 

was created using the "stitching" function so that the evaluation length corresponds to 4 mm. The resulting 

photographed image with a size of 10,375 x 1,234 pixels was then used to insert 5 lines from which the 

roughness data were obtained. 

The averages of the taken core roughness values (Ra and Rz) can be found in (Table 3 and Figure 3). The 
cut-off parameters were chosen as follows: cut-off wavelength λc = 0.8 mm, shortwave filter λs = 2.5 mm. The 

measurement was performed in accordance with ISO EN 4288:1998. 

Area roughness (Sa and Sz) were measured on the same core area as in the case of surface roughness 

(Figure 1), see above. The parameter Sa is like the roughness parameter Rz which is related to the area. The 

Sz parameter is defined as “the sum of the largest peak height value and the largest pit depth value within the 

definition area” according to the standard ISO EN 25178.To evaluate the surface quality of the cores, three 

values of surface roughness were taken from each core, where the measured/evaluated area was 1x1 mm, 

see (Table 4). The measurement parameters were selected as follows: filter type = Gaussian, S-filter = 5, 

L-filter = 0.25 The measurement was performed according to valid ISO EN 25178 standards. 

3. RESULTS AND DISSCUSION 

Immediately after curing, the middle core was taken to measure the hot transverse strength (within 10 seconds 

of core production). Cold transverse strength was determined on the remaining cores (60 min after core 

production). The achieved values of the transverse strengths are captured in (Table 1 and Figure 2). From 

the given values it can be concluded that the increasing shooting pressure has a positive effect on the 

transverse strength. The reason is the increase of number of the mutual contact of individual sand grains, resp. 

formation of a larger number of binder bridges due to a reduction in the degree of freedom of the mixture. 

However, the values of the transverse strength increase to a value of the shooting pressure of 4 bar, a further 

increase of the shooting pressure no longer brings an increase in strength, the achieved values of strength are 

already constant. The reason is probably the achievement of the maximum arrangement of the system, which 

should be reflected in the lowest value of relative porosity (minimum amount of intergranular spaces). The 
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observed decrease in the transverse strength at the shooting pressure of 10 bar is probably due to leakage of 

the mixture through leaks in the core box, leading to the reduced quality of the core. This effect should also be 

confirmed by the values of relative porosity m and the values of roughness Ra, Rz, (Sa, Sz respectively). 

Table 1 Influence of shooting pressure on transverse strength of studied cores 

Shooting pressure 
(bar) 

 Cold transverse strength  Hot transverse strength 

Sample weight (g) σ (MPa) Sample weight (g) σ (MPa) 

0 125.39 4.21 125.46 1.83 

2 126.81 4.32 128.94 2.76 

4 133.43 6.77 132.19 3.19 

6 134.03 6.76 133.85 3.08 

8 133.96 6.83 134.10 3.67 

10 134.04 6.66 134.20 3.17 

 

Figure 2 Graphical representation of transverse strength depending on shooting pressure 

The achieved values of the mechanical properties of the tested cores also correspond with an increase  

in the weight of the test specimens up to the values of the shooting pressure of 4 bar. At its higher values,  

the increase in value is no longer significant, it can be stated that in the range of shooting pressure 6-10 bar, 
the weight of test specimens is the same. The values of relative porosity m are closely related to this. 

Relative porosity m was calculated from Equation (1) [11]. The values obtained are given in (Table 2).  

The determined values of relative porosity m, correlate with the achieved values of the transverse strength. 

The values show a decrease in the porosity m with increasing shooting pressure up to a pressure of 4 bar. 

Subsequently, the porosity values stabilized and were around 40 %. It can therefore be determined that higher 

shooting pressures above 4 bar no longer affect the porosity value. Theoretically, above this pressure,  

the surface quality should remain the same. However, this is not entirely consistent with the core surface 

roughness measurements, see below. 

1 � M����J
�� O ∙ 100 `%) (1) 

where: 

 ρ1 - specific weight of sand (kg.m-3) 

 ρ2 - density of compacted mixtures (kg.m-3) 
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Table 2 Relative porosity values 

Shooting pressure (bar) Relative porosity (%) 

0 44.32 

2 43.69 

4 40.75 

6 40.48 

8 40.51 

10 40.48 

The values of Ra have, as expected, a decreasing course up to the values of the shooting pressure of 6 bar. 

Higher values of shooting pressures (8 and 10 bar) are reflected in a slight increase in roughness. It can be 

stated that from a pressure of 6 bar the course of roughness Ra is constant and there is a slight statistical 

deviation in the measurement or there is a slight blowing of the mixture out of the core. On the contrary, the 

trend of Rz values is manifested by a decrease up to a shooting pressure of 10 bar. 

Table 3 Average values of surface roughness of cores (Ra, Rz) 

Shooting pressure (bar) Ra (μm) Rz (μm) Standard deviation Ra (μm) Standard deviation Rz (μm) 

0 60.69 283.94 6.74 22.24 
2 40.39 201.58 3.80 22.27 
4 38.88 198.76 1.14 4.36 
6 32.78 172.08 3.43 19.70 
8 33.59 169.75 1.96 11.92 
10 34.03 160.78 1.86 20.60 

 

Figure 3 Graphical representation of surface roughness of cores (Ra, Rz) 

Table 4 shows the average values of area roughness Sa and Sz. For better clarity, the measurement values 

are shown graphically (Figure 4). From the results it can be determined that cores manufactured at the 

shooting pressure of 0 bar show the highest area roughness (Sa) of all obtained results, as is the case with 
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the parameter Sz. If we evaluate the surface quality only by the parameter Sa, the lowest values are reached 

by the cores shot at 8 bar (respectively 10 bar in case of Sz). From an economic point of view, however, a 

pressure of 6 bar seems to be the most optimal, as the Sa and Sz parameters reach the second lowest 

measured values. 

Table 4 Average values of area surface roughness of core surfaces (Sa, Sz) 

Shooting pressure (bar) Sa (μm) Sz (μm) Standard deviation Sa (μm) Standard deviation Sz (μm) 

0 36.20 422.81 0.70 77.47 
2 

26.75 381.51 1.10 35.00 
4 29.06 403.63 2.49 57.14 
6 

25.81 320.9 0.72 18.58 
8 

25.25 359.35 1.99 78.66 
10 26.00 294.09 1.27 24.04 

 

Figure 4 Graphic representation of area roughness of core (Sa, Sz) 

4. CONCLUSION 

The aim of this work is to determine the possibility of using a digital microscope for non-contact measurement 

of the surface quality of cores, on the basis of which the surface quality of precasted holes and cavities in 

manufactured castings can be predicted. The surface quality of the cores was subsequently evaluated by 

determining the core mean arithmetic roughness (Ra); the mean depth roughness (Rz) and, for a 

comprehensive characterization of the surface quality of the cores, the mean arithmetic height of the area 

evaluated (Sa) and the maximum height of the area evaluated (Sz). The use of a digital microscope to predict 

the surface quality of castings by determining core roughness values appears to be advantageous. From the 

obtained values of the mechanical properties of the cores, respectively the calculated value of the relative 

porosity, it is evident that the surface quality (roughness) of the cores is in direct dependence with the shooting 

pressure for the production of the cores in the interval from 0bar to 4bar. A further increase in injection pressure 

has no direct effect on the properties of the cores or their roughness. Only at an injection pressure of 10bar it 

can be stated that this injection pressure is already so high that the surface quality of the cores is reduced, 

which can have a negative effect on the surface quality of the castings from the cores (precasted cavities). 
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Abstract 

This paper deals with the structural and composition differences of two types of fluoride conversion coatings 

on two types of bulk magnesium materials. The bulk magnesium materials used were powder metallurgy cold 

compacted magnesium and sintered magnesium materials. One type of coating was prepared by dipping the 

magnesium samples in hydrofluoric acid and the second one by immersing the samples in Na[BF4] molten 

salt. Microstructure and elemental composition were examined by scanning electron microscope equipped 

with an EDS analyzer. The phase composition was analyzed using an XRD. The fluoride conversion coating 

prepared from Na[BF4] molten salt grew significantly deeper into the cold compacted magnesium than to the 

sintered material. Also, traces of fluorine were found inside the bulk of cold compacted material, while no 

fluorine traces were found inside the sintered material. The coating prepared from hydrofluoric acid appeared 

the same in both magnesium materials, with similar depth and fluorine traces found inside the bulk of both of 

the materials. Furthermore, the coating prepared from Na[BF4] molten salt grew deeper into the material than 

the coating prepared from hydrofluoric acid. The differences between the two coatings in creation depth, 

structures, and layout of fluorine inside the material suggest a difference in the creation mechanism of the two 

coatings. 

Keywords: Powder metallurgy, fluoride conversion coating, magnesium, EDS mapping 

1. INTRODUCTION 

Magnesium alloys have great potential for medical applications, such as manufacturing temporary bone 

implants, stents and sutures. This is mainly due to their low density and suitable mechanical properties [1]. 

Furthermore, mechanical and chemical properties can be further improved via various powder metallurgy 

techniques. However, what distinguishes magnesium alloys from other metal alloys for biomedical applications 

is their biodegradability. Magnesium implants can theoretically gradually dissolve in the body after fulfilling 

their purpose. Although slow decomposition of the implant is desirable, most magnesium alloys decompose 

too fast in the physiological environment [2]. This may lead to the loss of mechanical properties of the implant 

before accomplishing its intended function. Less apparent consequences of rapid magnesium degradation are 

a local increase of magnesium ions and the evolution of hydrogen, which may lead to the separation of the 

tissue from the implant [3]. Slowing down the corrosion of magnesium implants is the key issue to be solved. 

One of the possible solutions is a surface coating that may increase the corrosion resistance of the material. 

However, not every coating is acceptable in medical applications [4].  

One option is the creation of a fluoride conversion coating. Previous studies have shown that this type of 

coating might slow down the corrosion rate of magnesium alloys in the environment of simulated body fluids 

[5]. It was also proven that such an increase in corrosion resistance lowers the rate of hydrogen production 
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and lowers magnesium ions concentration in the vicinity of the implant [6]. In addition to that, fluoride anions 

can support osteoblast growth help the bone heal [7][7]. Fluoride conversion coating also allows the application 

of more bioactive coatings by improving their adhesion to the substrate [8]. There are two possible ways to 

produce fluoride conversion coating on magnesium alloys. The more conventional one is by dipping the 

magnesium-based material into the HF solution. Coating prepared in this manner contains MgF2 and 

a relatively small amount of MgO [9]. The other, rather unconventional way of preparing fluoride conversion 

coating is immersing the material in the Na[BF4] molten salt. The outcome of this preparation is a coating made 

of MgF2 and a secondary layer of Na[MgF3] [10]. Previous studies have shown that the less conventional way 

of preparing the coating has superior corrosion properties on AZ61 magnesium alloy [11]. The fluoride coatings 

were tested on magnesium alloys but not on materials prepared via powder metallurgy. This study focuses on 

preparing both types of fluoride coatings on cold compacted magnesium and sintered magnesium. 

2. EXPERIMENTAL 

Magnesium prepared by two different ways of powder metallurgy (cold compacted and sintered) served as the 

substrate. Magnesium powder was supplied by (goodfelow) and had a declared purity of 99.8 %. The average 

powder particle size was 27.6 µm. Base material was weighted and poured into cylindrical steel dies with an 

inner diameter of 20 mm in a nitrogen atmosphere. The dies were sealed and then axially pressed at a rate of 

1 mm ∙ min−1 until a pressure reached 400 MPa with a holding time of 60 s at maximum pressure. The height 

of the resulting magnesium cylinder was approximately 5 mm. The samples for sintering were sintered in an 

argon atmosphere at a temperature of 620 °C for 20 h and then let cool in the furnace. 

Coating of samples in HF was prepared by dipping them in concentrated HF for 24 hours at laboratory 

temperature. Samples coated in this manner were rinsed in distilled water, isopropanol and dried in the stream 

of hot air. Preparation of coatings by immersion in molten Na[BF4] begun with melting the salt itself in a furnace 

inside a corundum crucible at 450 °C. After the melt had tempered, samples were submerged into it for 4 h 

and kept at 450 °C. The samples were taken out of the melt and cool freely in the air after the coating process 

was finished. To get rid of the residual salt and Na[MgF3] secondary layer, the samples were boiled in distilled 

water for 1 h after they cooled down. 

A Zeiss Evo LS-10 with an OXFORD X-Max 80 mm2 energy dispersive spectroscopy (EDS) analyzer was used 

to analyze the elemental composition of the cross-section of the metallographic cut of the samples. The 

accelerating voltage during the measurement was 15 kV. Qualitative analysis of the phase composition of the 

prepared coatings was performed by x-ray diffraction (XRD) analysis on an instrument from SmartLab. The 

measurement took place in the range of 5° - 90° with a step size of 0.02°. The diffractograms were evaluated 

using the JCPDS PDF-4 database. 

3. RESULTS AND DISCUSSION 

Figure 1 and Figure 2 shows EDS maps of the cross-section of cold compacted specimens coated by fluoride 

conversion coating prepared by immersion in molten Na[BF4] and by dipping in HF, respectively. It is apparent 

that coating went relatively deep into the material. In the case of preparation via Na[BF4] shown in (Figure 1), 

the coating is coherent and goes approximately 150 µm into the material. On the other hand, coating prepared 

via HF, which is shown in (Figure 2) is much thinner on the surface (up to approximately 10 µm), but traces of 

fluorine can be found deep within the material. According to a previous study on the mechanism of formation 

of fluoride conversion coating, BF3 forms by thermal decomposition of Na[BF4] and serves as the source of 

fluorine [10]. In the case of preparation via HF, the source of fluorine is much smaller fluoride anions. This 

might mean that diffusion is much easier in the case of fluoride anions and goes deeper into the material. The 

EDS maps of oxygen layout in the material indicate that magnesium oxides are present throughout the 

material. This was expected, as magnesium readily oxidizes even at room temperatures and oxides might 

have formed during the specimen preparation [12]. Low concentration of oxygen in (Figure 1c) indicates that 
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the fluorine from the salt decomposition reacted with the present magnesium oxides to form magnesium 

fluoride as the aparent concentration of oxygen at the surface of the specimen is lower than in the concentration 

deeper in the cross-section of the material. Figure 1d shows the presence of the sodium layer. This may 

indicate the presence of the secondary layer of Na[MgF3] on the top of the coated sample. The presence of 

sodium only on the sample's surface also indicates that the salt melt did not penetrate into the material. This 

supports the theory that the coating is not created by the direct reaction of magnesium with the salt itself but 

rather with the products of decomposition of the salt [10]. However, the proposed reaction in the literature 

counts BF3 molecule as one of the reactants responsible for the coating preparation, which in this case is 

probably not possible because no traces of boron were found in the material. The initial coating formation on 

the surface of the sample may form according to the proposed equation, but the amount of fluorine in the 

material and lack of boron and sodium indicates that the MgF2 formed in the depth of the material is formed 

by the reaction of fluorine anion rather than the BF3 molecule.  

 

Figure 1 EDS maps of the cross-section of cold compacted magnesium coated by immersion in molten 

Na[BF4] where a) is Mg, b) is F, c) is O and d) is Na 

 

Figure 2 EDS maps of the cross-section of cold compacted magnesium coated by dipping in HF where a) is 

Mg, b) is F and c) is O 

Figure 3 and Figure 4 show EDS maps of the cross-section of sintered specimens coated by fluoride 

conversion coating prepared by immersion in molten Na[BF4] and by dipping in HF, respectively. Coating 

prepared in HF shown in (Figure 4) has similar characteristics regarding its depth and composition as the 
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coating shown in (Figure 2). Traces of fluorine were found inside the bulk of the material in both cases and in 

a similar amount. Therefore, we can conclude that the state of the base material does not have an apparent 

effect on the quality of the coating prepared by dipping in HF. However, there are apparent differences in the 

depth of coating prepared by immersion in molten Na[BF4] salt on cold compacted and sintered material. 

According to the EDS map in (Figure 3b), the coating goes to the depth of approximately 50 µm. Furthermore, 

in contrast with this type of coating prepared on cold compacted material, no traces of fluorine were found 

inside the material itself. This was probably due to pore closure due to sintering, where the fluorine source 

from the Na[BF4] molten salt could not diffuse into the material. The sodium layer is visible in (Figure 3d). 

Although this layer is the same on both types of material, it has nothing to do with the state of the base material, 

but only with the post-processing of the conversion coating. 

 

Figure 3 EDS maps of the cross-section of sintered magnesium coated by immersion in molten Na[BF4] 

where a) is Mg, b) is F, c) is O and d) is Na 

 

Figure 4 EDS maps of the cross-section of sintered magnesium coated by dipping in HF where a) is Mg, b) 

is F and c) is O 

Qualitative measurements of coated sintered magnesium samples were performed by an XRD. The XRD 

spectra are shown in (Figure 5). Peaks indicating the presence of magnesium, magnesium oxide, and 

magnesium nitride are present in all of the specimens, regardless of the way of coating preparation. 

Magnesium nitride was most probably formed during sintering, as magnesium undergoes nitridation at 

elevated temperatures in a nitrogen atmosphere [13]. Although sintering itself was performed in the argon 

atmosphere, residual nitrogen could be trapped between individual grains of magnesium during the pressing 

of specimens. The presence of oxygen has already been detected by EDS analysis and XRD analysis 

confirmed the presence of magnesium oxides. 
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The conversion coating of MgF2 was detected on all of the specimens. However, XRD analysis shows some 

differences in crystal size between the two types of coatings. Figure 5a shows the XRD spectrum of 

magnesium coated by dipping in HF. Characteristic peaks of MgF2 coating are short and wide in comparison 

to the peaks of MgF2 shown for coating prepared via immersion in the molten Na[BF4] salt in (Figure 5b). This 

might mean that MgF2 crystals formed via HF are much finer than crystals formed by the unconventional 

coating method. Previous studies have shown that size of crystals of some coatings has an influence on their 

corrosion protection, where bigger crystals have better corrosion characteristics [14]. Therefore, this may be a 

contributing factor to the improved corrosion resistance of the unconventionally prepared fluoride conversion 

coating shown in the previous study [11]. The XRD spectrum in (Figure 5b) also shows the presence of 

a secondary layer of Na[MgF3]. This layer is under suspicion of its toxicity and although it was not proven yet, 

the secondary layer needs to be removed entirely for real-life application. It is apparent that boiling the 

specimen in water was not sufficient, and more time is required. XRD detected no residual Na[BF4] salt. 

 

Figure 5 XRD spectra of sintered magnesium coated in a) HF and b) molten Na[BF4] salt 

CONCLUSIONS 

This paper compares fluoride conversion coatings prepared in two distinct ways on pure magnesium 

specimens prepared via powder metallurgy methods. The elemental and phase composition of both coatings 

were investigated. Based on the results, these conclusions can be drawn: 

Both ways of coating preparation led to the MgF2 fluoride coating formation. Notable differences were in 

crystallographic composition and the presence of a secondary layer in the case of the coating prepared from 

the salt melt. 

In the case of the coating prepared from hydrofluoric acid, the state of the magnesium material had no apparent 

effect on the depth to which the coating was created. 

In the case of the coating prepared from the salt melt, the state of the magnesium had a significant effect on 

the depth to which the coating was created. 

Even though the chemical composition of the fluoride coating is the same, the differences in the layout of 

fluorine and crystallography show that the creation mechanism of the individual coatings is different. 
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Abstract 

The HVOF (high-velocity oxygen fuel) technology is one of the most used processes for carbide-based 

coatings application. These coatings are suitable, for example, to replace hard chromium plating. In order to 

select the right coating for a given application, it is necessary to know the key properties. The aim of this study 

is to analyze and compare the abrasion wear resistance of HVOF sprayed coatings based on tungsten carbide 

(WC-CoCr). The structure of the coatings and their resistance to abrasive wear are analyzed and discussed. 

Keywords: HVOF, thermal spraying, Abrasion resistance, Abrasion wear, WCCoCr coatings 

1. INTRODUCTION 

With thermal spraying technology, it is possible to increase the functional properties of the surface of various 

components. The wear and corrosion resistance, thermal insulation or biocompatibility can be affected by 

using the right coating material. High velocity oxy-fuel (HVOF) thermal spraying is often used in industry for 

components heavily stressed for wear or corrosion. Thanks to their high speed and temperature of up to 5500 

K, they are used for spraying metals, metallic alloys and especially cermets and superalloys. Low porosity, 

compact and dense microstructure, moderate oxidation level and high bonding strength is typical for coatings 

made by HVOF. Cermets and superalloys are most often sprayed with this technology. [1] The aim of this 

study is to compare microstructure and abrasion wear resistance of selected HVOF sprayed WC-CoCr 

coatings. This type of coatings has ceramic tungsten monocarbide phase (WC) and a softer metal binder 

phase (CoCr). Thanks to this, WC cermet coatings show excellent resistance to abrasive and erosive wear. 

These coatings could be suitable replacement for hard chromium plating. Properties of the coating are 

influenced by properties of the used powder (material composition, grain size, size of carbides) and used spray 

parameters. [2] [3] The aim of this study is to compare commercially used powders of the same chemical 

composition but with different properties such as particle size, primary carbide particle size or method of 

production and to determine their resistance to abrasion. 

2. EXPERIMENTAL PROCEDURE 

2.1. Material characteristics 

Three materials from different companies or with different size of particles were tested. The chemical 

composition of all materials is shown in Table 1. All other information such as the name of the producer, 

particle size, primary size of carbide particles and method of production of the powder are showed in  

(Table 2).  
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Table 1 Chemical composition of tested materials [5] [6] [7] [8] [9] [10] 

 Weight Percent (nominal) 

Material W Co C (total) Cr Fe max Total all other 

WC-731/1350VF Bal. 9.0 - 11.0 5.0 - 5.5 3.0 - 5.0 0.4 1.5 

WC-731/1350VM Bal. 9.5 - 10.5 5.0 - 5.5 3.5 - 4.5 0.4 1.5 

Amperit 507.074 Bal. 9.0 - 11.0 5.2 - 6.2 3.5 - 5.0 0.3 0.2 

Amperit 508.072 Bal. 9.0 - 11.0 5.3 - 6.2 3.5 - 5.0 0.3 0.2 

Woka 3652 FC Bal. 8.5 - 11.5 3.4 - 4.6 4.8 - 5.6 0.2 

 

Amdry 5843 Bal. 9.0 - 11.0 4.9 - 6.0 3.1 - 4.9 1.0 1.0 

Table 2 Information about tested materials [5] [6] [7] [8] [9] [10] 

Material Producer Particle size Primary Carbide 
Particle Size 

Method of production 

WC-731/1350VF Praxair -38 +11 µm Fine Agglomerated and sintered 

WC-731/1350VM -38 +11 µm Medium 

Amperit 507.074 Höganäs -45 +15 µm Fine 

Amperit 508.072 -38 +10 µm Medium 

Woka 3652 FC Oerlikon Metco -45 +15 µm Fine 

Amdry 5843 -45 +16 µm Medium Sintered and crushed 

2.2. Spraying parameters 

All materials were sprayed by HVOF thermal spraying technology (used gun: Tafa JP 5220). Spraying 

parameters are showed in (Table 3). Deposition distance was 380 mm, amount of the powder was 2x80 g/min 

(80 g/min for each feeder). The parameters were chosen on the basis of previous optimalization, where 

samples from each material were sprayed with different parameters. 

Table 3 Spraying parameters of tested materials  

Material Equivalence ratio Combustion chamber pressure [bar] 

WC-731/1350VF 0.75 8.6 

WC-731/1350VM 0.85 7.2 

Amperit 507.074 0.75 8.6 

Amperit 508.072 0.66 8.1 

Woka 3652 FC 0.75 8.6 

Amdry 5843 0.75 8.6 

2.3. Evaluation methods 

2.3.1. Abrasion wear resistance 

The abrasive wear is an intensive degradation process. Experimental results of laboratory tests can help with 

the selection of the best material for parts that are working in conditions of abrasion. To test the abrasive 

resistance of coatings, a dry sand rubber wheel testing machine according to ASTM G-65 standard was used. 

This test includes the so-called three-body (sample - abrasive - disc) abrasion. The test conditions are called 

"Low stress abrasion", which means that the abrasive grains do not break or crush during the test. The planar 

specimen is pressed with a constant force against a rotating disk with a rubber rim. A constant amount of 
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abrasive is poured between the sample and the disc, which causes wear. Three samples from each coating 

were tested and the results are the average of these three measurements. Parameters of this method are 

shown in (Table 4). Because tested materials have similar composition, the evaluation factor is the 

accumulated weight loss.  [10] [11]  

Table 4 Parameters of abrasion wear resistance test 

Compression force [N] 22 

Abrasive material White corundum with a grain size of F70 (212-250 µm) 

Total abrasive path [m] 718 (Divided into five identical cycles) 

2.3.2. Microstructure 

The microstructure of the coatings was evaluated on the coating cross-section prepared according to the 

standard method for metallographic sample preparation. The coatings were evaluated on the Arsenal AM 

2203-T optical microscope. The evaluation factors are the occurrence of cracks and fissures, the homogeneity 

of the coating, the shape, size and distribution of the mats, the porosity, the content and distribution of oxide 

inclusions or other impurities. 

3. RESULTS 

3.1. Microstructure 

 

a b 

c d 

e f 

Figure 1 

Microstructure of 

tested materials: 

a) WC-731/1350VF, 

b) WC-731/1350VM, 

c) Amperit 507.074, 

d) Amperit 508.072, 

e) Woka 3652 FC, 

f) Amdry 5843 
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Photos of microstructure are shown in (Figures 1a-1f). For all coatings is microstructure typical for WC-CoCr 

coatings prepared by HVOF. There are typical pores, patches, corundum stuck at the interface as it is usual 

for those types of coating. The lower layer is denser, the upper layers are more porous. The grain size of the 

Amperit 508.072 (Figure 1d) is slightly different from the others, seems more dense and solid.  

3.2. Abrasion wear resistence 

Slope of abrasive line of cumulative mass loss of each tested material is showed in (Figure 2). 

 

Figure 2 Abrasion wear resistance of tested materials 

In Table 5, the powders are sorted according to the results of abrasive testing (from the best results - Amperit 

508.072, to the worst - WC-731 / 1350VF). It can be seen from the table that both size of the parts and primary 

carbide particle size affects the results of abrasive wear. 

Table 5 Material characteristics according to abrasion results sorted from best to worst 

Material Abrasive mass 
loss line slope 

Particle size Method of production Primary Carbide 
Particle Size 

Amperit 508.072 2.23615E-05 -38 +10 µm Agglomerated and sintered Medium 

Amdry 5843 2.39554E-05 -45 +16 µm Sintered and crushed Medium 

Woka 3652 FC 3.53064E-05 -45 +15 µm 

Agglomerated and sintered 

Fine 

WC-731/1350VM 3.75348E-05 -38 +11 µm Medium 

Amperit 507.074 4.63788E-05 -45 +15 µm Fine 

WC-731/1350VF 8.83008E-05 -38 +11 µm Fine 

4. CONCLUSION 

A total of 6 WC-CoCr commercial powders, which are commonly used in production, were tested. All coatings 

were prepared by HVOF technology. Subsequently, the microstructure of the coating was evaluated and the 

samples were subjected to an abrasion resistance test according to ASTM G-65. 
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According to the results of abrasive testing, it can be stated that the size of the parts affects the results of 

abrasive wear as much as the primary carbide particle size. It could be interesting to investigate the behaviour 

of coatings when changing the grain size of the used abrasive material. 

The WC-731/1350 VF has the worst results (highest slope of the abrasive wear curve). This can be caused by 

both the properties of the powder or through human fault. Therefore, it is recommended to repeat for further 

research.  
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Abstract  

In recent years, there has been an increased interest in technologies for the production of titanium ceramic 

materials with properties, the level of which in terms of price-quality ratio exceeds the level of similar materials 

based on other metals. The strength of the bond with the metal in modern titanium ceramic products 

corresponds to the level of cermet systems based on noble metals or alloys without them. This work describes 

a method of obtaining and some properties of ceramic compounds based on titanium, such as TiBN by 

mechanical alloying. Heat treatment and spark plasma sintering were also carried out. The hardness of the 

obtained samples was determined and an X-ray phase analysis was carried out, which confirmed the presence 

of such phases as and Ti3B2N.  

Keywords: Mechanosynthesis, spark-plasma sintering, titanium-based compounds, wear-resistant coatings, 

corrosion-resistant coatings, ceramic materials 

1. INTRODUCTION 

Ceramic materials based on titanium - its carbide, nitride, and boride - themselves have a high complex of 

properties, but their derivatives - carbonitrides, carboborides, oxynitroborides, and others - often inherit not 

only all the valuable and often unique properties of their predecessors but also acquire a new the level of 

previous properties (for example, strength or electrical) or a surge of other properties that their predecessors 

did not possess. It is enough to give an example of titanium oxynitride, which has already been successfully 

tested as implants of the organs of the cardiovascular system, although its "components" - nitride and oxide - 

could not be used in this area.[1] 

Composite materials, in which carbides, nitrides, carbonitrides, titanium borides are used as a hardening 

medium, are dispersion-hardened (DHCM). Both the DHCM themselves and their coatings applied to other 

materials are capable of operating under high mechanical loads, elevated temperatures, and in aggressive 

environments. DHCM coatings of the Me / TiX system are most in demand for structural applications with 

energy-intensive operating conditions. 

An increase in the requirements for the operational properties of coatings requires the search for new types of 

solid phase as a wear-resistant component, which are not inferior in hardness and heat resistance to carbides, 

but have a higher melting point and plasticity. Among such compounds, a special place is occupied by oxygen-

free refractory compounds, including titanium carbonitrides, the use of which in the creation of surfacing 

materials is now increasingly expanding. 

Interest in nitroboride coatings arises from the fact that they are usually multiphase. Such systems have much 

in common with composite materials and often exhibit higher hardness and toughness values than single-
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phase materials. TiBN coatings of various compositions were obtained in [3] by sputtering from composite 

targets at a substrate temperature of 20 °C. All films had a dense structural morphology. The TiBN0.5 coatings 

demonstrated a combination of high hardness and ductility. Annealing at 400 °C for 6 hours increased the 

hardness and ductility by 40 - 50 %. The reaction of titanium with boron nitride can lead to the formation of 

titanium nitroborides. The heat of formation of products is higher than the heat of formation of the starting 

materials, and the process will be exothermic. The resulting compound can be applied to titanium alloys and 

steels to improve the surface properties of the structure, such as sealing the surface of a mold, which can 

improve machining efficiency and tool life. Ti3B2N can also be used for the manufacture of DHCM. Superhard 

(up to 55 GPa) coatings of the Ti-B-N system of variable composition were obtained by sputtering a target, 

which is a boron nitride plate coated with Ti powder.  

2. MATERIALS AND METHODS 

Mechanosynthesis was carried out in high-energy mills - attritors. The following materials were chosen as the 

starting compounds - titanium boride and titanium nitride. The charge for TiBN production is shown in (Table 1).  

Table 1 The chemical composition of the T3B2N compound 

Powder sample Composition, mass. % 

Ti3B2N TiB2 TiN 

25 75 

The titanium nitroboride compound with the stoichiometry indicated in (Table 1), according to the literature, 

has an increased Vickers hardness and is approximately from 28 GPa, which is higher than that of crystalline 

titanium carbide (TiC), zirconium carbide (ZrC), titanium nitride (TiN). 

The experiment was carried out as follows: the mixture was subjected to stage-by-stage mechanical treatment 

in an attritor. After 2000 seconds, the mill was stopped to cool the reaction mixture and ball charge. The 

processing time of the material in the mill was 10 hours. 

After mechanical synthesis, the resulting material was subjected to spark plasma sintering. 

Heat treatment was carried out in the following mode: pressing the press powder without heating with a 

pressure of 5 kN, when heated to 1800 °C, the pressure was raised to 15 kN and held at this value for 5 

minutes. As a result, a sample of a pressed tablet with a diameter of 12 mm and a height of 6 mm was obtained. 

Then the resulting tablet was analyzed using and microhardness measurements (Table 2). 

3. RESULTS AND DISCUSSION  

3.1. Obtaining Ti3B2N - compound by mechanical alloying.  

After mechanical treatment, the product was investigated using the X-ray photoelectron spectroscopy (XPS) 

method implemented in the SPECS equipment (Germany). The energy scale is calibrated against the Au4f7 / 

2 gold line, which is equal to 84.00 eV, and using X-ray phase analysis (XPA) on a D8 Advance from Bruker 

(Germany) using monochromatic CuKα radiation (λ = 1.54178 Å), with a scanning step of 0.02 ° and an 

exposure of 11 using scanning electron microscopy. The ICDD powder database (PDF-2) was used for phase 

analysis. The structure of the resulting phases was refined by the Rietveld method in the programmed 

introduction of DIFFRACplus Topas using the data of the ICSD structural database.  
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Figure 1 Diffraction pattern of the initial TiB-TiN mixture 

In the presented diffraction pattern (Figure 1) of the mechanical mixture of the initial components before 

processing, one can see noticeable peaks of the initial components. It can be noted that the peaks of the initial 

components have a high intensity value and an unbroken shape of the peak itself, which indicates an 

unchanged crystal structure. 

 

Figure 2 Diffraction pattern of the Ti3B2N mixture after 10 hours of mechanosynthesis 

As can be seen from the diffraction pattern of the obtained sample, after 10 hours of mechanical synthesis 

(Figure 2), the compound B1.6N2.4Ti3.2 is formed. Broadening of the peaks can be seen due to an increase in 

the number of microstrains and a change in the crystal lattice. 

Subsequently, the material was subjected to heat treatment in an oven in an argon atmosphere at a 

temperature of 1600 °C for 2 hours. After heat treatment, the sample was tested for strength by the Vickers 

method. 

3.2. Heat treatment of the Ti3B2N compound by spark plasma sintering and determination of the 

hardness of the resulting material 

Carrying out the reaction under adiabatic conditions makes it possible to obtain Ti-BbNc compounds under 

high-temperature sintering. The last method was used to obtain a new crystalline structure Ti3B2N, the 
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material of which has an increased Vickers hardness (≥ 28 GPa), which is higher than that of crystalline 

titanium carbide TiC, zirconium carbide ZrC, titanium nitride TiN. 

Heat treatment was carried out in the following mode: pressing the press powder without heating with a 

pressure of 5 kN, when heated to 1800 °C, the pressure was raised to 15 kN and held at this value for 5 

minutes. As a result, a sample of a pressed tablet with a diameter of 12 mm and a height of 6 mm was obtained. 

Then the resulting tablet was analyzed using XRD (Figure 3) and microhardness measurements (Table 2). 

The sample was split into several pieces of different sizes (Figure 2). The pieces were molded into acrylic 

resin. Before testing, the surfaces of the samples were prepared by grinding with abrasive SiC papers (400 to 

1200 grit) followed by polishing with diamond suspension (9 to 3 µm).  

The microhardness profiles of the sample were measured using a Buehler Micromet hardness test machine 

with a Vickers tip. Microhardness values for pieces (Table 2) was obtained using a load of 1000 g (HV1). The 

microhardness of the sample was measured in accordance to ISO 6507-1: 2018. 

 

Figure 3 Image of samples pieces (1-7) after spark plasma sintering split into parts to determine the 

microhardness of the material. 

Table 2 The microhardness profiles of the SPS sample, measured for different pieces 

Samples piece 1 2 4 5 6 7 

Microhardness value, MPa 

1656 1622 2195 1775 2079 1512 

1514 1785 1776 1789 1641 1848 

1463 1632 1649 1906 1696 2165 

Average, MPa    1544.3    1679.7    1873.3    1823.3    1805.3    1841.7 
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The measurement was performed 5 times for each part, after which the largest and smallest values were 

discarded. As we can see, the range of values is from 1463 MPa to 2195 MPa and on average is 1761 MPa. 

4. CONCLUSION 

Based on this work, it can be concluded that it is in principle possible to connect titanium nitroborides, namely, 

the B1.6N2.4Ti3.2 compound, which is stoichiometrically similar to the Ti3B2N compound. The presence of such 

stoichiometry indicates that 10 hours of mechanical treatment is not enough for the synthesis of Ti3B2N. The 

hardness of the material after spark plasma sintering was also determined. The hardness range values from 

1463 MPa to 2195 MPa and on average is 1761 MPa. 
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Abstract 

Anti-corrosion protective polymer thin films are used to prevent metal contacting with an aggressive 
environment. It is known that the density of the polymer film coating can be controlled at the stage of formation 
its. Based on the results of the simulation of the oxygen ions transport in the polymer film, it was shown that 
its conductivity increases with an decrease in hte film densitythe. It is also shown that a decrease in the density 
leads to an increase in the rate of the crack propagation. The images of fractal surfaces simulated on the basis 
of the Diffusion Limited Aggregation (DLA) algorithm and the reptation model are presented. By comparing the 
image of the real surface and the simulation results at different values of the coating density, it was shown that 
there is a correlation between the corrosion resistance and surface texture. 

Keywords: Textured polymer coating, corrosion resistance, fractal surface, ionic conductivity, salt spray 

chamber 

1. INTRODUCTION 

Polymer textured coatings of a metal sheets are created by adding granules of polyacrylic, polyamide, etc. to 

the paintwork material. During the drying process, a radial organization of wrinkles is formed. Moreover, 

wrinkled domains grow by the diffusion and association in a certain way [1], depending not only on the chemical 

structure of the material, but also on the drying regime. Wrinkle formation has been studied in many fields such 

as engineering, materials science, chemistry and physics, but the process of wrinkle formation is not yet fully 

understood [2]. At the same time, the size and shape of the wrinkles help to describe main properties of the 

test material [3]. This fact is especially used in biology. For example, examining human skin helps to determine 

the health status. Non-biological objects are no exception. The purpose of this work is to determine the 

correlation between the corrosion resistance of a textured polymer coating of a metal sheet and its surface 

structure. 

2. INFLUENCE OF DENSITY ON ANTI-CORROSION PROPERTIES 

The corrosion is the result of an oxidizing component environment adsorption (O2-, HO-, Cl- and other) on the 

metal surface. To prevent a metal contacting with an aggressive environment, anti-corrosion protective 

polymer thin films are used. The movement of charges in polymers is described most consistently by the 

models constructed within the hopping mechanism of charge transfer. In the work [4], a model of hopping ionic 

conductivity through a polymer thin film is presented. It is shown that there is a certain number of molecular 

layers by which the film is a protective coating against the corrosion. Therefore, the main parameter of the 

quality of polymer-coated rolled metal is its thickness. However, the results of simulation and the data of 

production tests [5] showed that there are modes of coating formation, which give an increase in the thickness 
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of the polymer coating due to a decrease in the density. For a more detailed study of the ions movement inside 

the polymer film, a PVDF coating was considered, the macromolecules of which have dipole moment directed 

perpendicular to the chain backbone and associated with electronegative fluorine and electropositive hydrogen 

in the composition of side groups (Figure 1). The conformation of the dipoles was calculated according to the 

method proposed in [6] 

 
 

Polymer chains are perpendicular to the plane of the figures 

Figure 1 The structure of the PVDF 

macromolecule [17] 

Figure 2 Location of dipoles near the trap 

The simulation results showed that the dipoles are located in such a way that points are formed inside the 

coating, which become natural traps for the ions (Figure 2). The ion located in the bulk of the polymer matrix 

increases the mobility of the chains. In the presence of oxygen atoms, when the chains are broken, active 

radicals are formed at their ends (7), which contributes to the formation of nuclei and sustainable crack growth. 

The crack propagation velocity V in a linear polymer system is determined by the formula [18]: 












Tk

bC
V

B

2

exp~                (1) 

where:  

C - the coefficient of proportionality, 

b   - the intermolecular distance, 

T - the temperature. 

Therefore, with a decrease in the density of the coating (an increase in the inter-chain distance), the crack 

propagation speed increases, and, consequently, its anti-corrosion properties decrease. This fact is confirmed 

by an experiment in a salt spray chamber (Figure 3). The wet coating thickness is the same. During the 

production of sample 1, the increase in thickness using the appropriate temperature mode was not performed, 

in contrast to sample 2, in which the thickness was artificially increased by 0.3 μm. The experimental results 

showed that even a slight decrease in the density of the coating leads to a violation of the corrosion resistance. 

However, it is not possible to measure the density of the coating by conventional laboratory methods. 

Therefore, we need to use indirect methods that will not be time-consuming, like a salt spray chamber. 
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Sample 1 Sample 2 

Figure 3 Images of samples of rolled metal with a polymer coating 500 hours after the experiment in the 

salt spray chamber 

3. INFLUENCE OF DENSITY ON SURFACE MORPHOLOGY 

The polymer surface is usually represented by fractal functions [8-13]. The most adequate method for modeling 

the surface morphology of a textured polymer coating is the diffusion limited aggregation method [14]. In this 

model, the initial position of the particle on the circle surrounding the granule is randomly selected. Then it 

starts to walk  around the surface. Its coordinetes  ��, and  ��, are changed by the equation (2) 

)sin(

)cos(

,,1

,,1













ryy

rxx

jkjk

jkjk
            (2) 

where: 

 j - the particle number 

 k - the step number 

r  - the step length 

The angle φ in the formulas (2) is measured from the direction of motion of the particle in the previous step. 
But the random walk of particles in this model is based on the uniform distribution of the angle [14]. 

However, such a model of motion is not acceptable for polymer systems, since it does not take into account 
the density of the medium, the rigidity of the chain, and its limitations on the mobility. Therefore, in this work, 
we used the reptation model [15], in which the chain moves inside a tube of diameter d. According to this 
model, the angle � distribution is Gaussian. 
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where: 

σ - the standard deviation σ can be estimated from the expression lb  

l - the length of the Kuhn segment 
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d - the tube diameter equal to the interchain distance 

For example, for PVDF: b = 4.9 Å, l = 30 Å, σ = 0.16. Naturally, with an artificial decrease in density, the 

interchain distance increases according the formula 
a

m
b





0 , where   is the density of the polymer 

coating, 0m and a  are the mass and length of the polymer chain segment. 

Figure 4 shows the resulting fractal surfaces for different values of the parameter σ. 

a) b) c) 

 

d) 

Figure 4 Results of the surface simulation for different values of the parameter σ.  

a) σ = 0.1 b) σ = 0.4 c) σ = 0.7 d) uniform distribution 

Figures 5a and 5b show images of the surface of a textured polymer coating obtained with an optical 

microscope. In Figure 5b, the density is artificially reduced by 15 %, in contrast to the sample shown in 

(Figure 5a). As you can see, "star clusters" become anisotropic with decreasing density. Therefore, to 

compare the simulation and experimental data, we introduced the anisotropy parameter of the constructed 

fractal model using the formula. 

2

4

L

S







               (4) 

where: 

S -  the area of the polygon paving the fractal 

L - the length of the median line (Figure 4). 

Figure 6 shows the dependence of the anisotropy parameter a on the standard deviation. As you can see from 

the figure, with increasing the anisotropy parameter decreases. This is most important for polymers with a low 

parameter value, such as PVDF. For this polymer, even a slight decrease in density will lead to a change in 

surface morphology. 

To construct a three-dimensional image, we have the model [16] with the following modifications: after the 

particle reached the granule or growing cluster, its coordinates were replaced in the center of the hemisphere, 

which was added to the data array by summing the values on the matching cells. The simulation results are 

shown in (Figures 5c and 5d). 
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a)  b)  

c)  d)  

Figure 5 Images of the surface of a textured polymer coating of a metal sheet obtained with the optical 

microscope (a and b) and their fractal three-dimensional models (c and d). Coating density in (Figures a and 

c) are larger than in (Figures b and d). 

Figure 6 shows the dependence of the 

anisotropy parameter α on the standard 

deviation. As you can see from the figure, with 

increasing the anisotropy parameter 

decreases. This is most important for 

polymers with a low parameter value, such as 

PVDF. For this polymer, even a slight 

decrease in density will lead to a change in 

surface morphology. 

 

4. CONCLUSION 

With a decrease in the density of the polymer coating of the metal during its drying, the anticorrosive properties 
decrease. But in this case, there is also a change in the surface morphology, which can be observed with the 
optical microscope. A change in the anisotropy of "star clusters" on the surface of textured polymer coatings 
results in a violation of product quality.  

ACKNOWLEDGEMENTS   

This study was supported by the Russian Foundation for Basic Research, project No. 19-42-350001. 

 

Figure 6 The anisotropy parameter ? vs. the  

parameter σ 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

834 

REFERENCES 

[1] HUGUES, V., SYLVAIN, G., FABIAN, B., CYPRIEN, G., KEVIN, K. Parkerc and Pascal Damman. Hierarchical 

wrinkling patterns. Soft Matter. 2010, vol. 6, pp. 5751-5756. 

[2] SHIMOKAWA, M., YOSHIDA, H., KOMATSU, T., OMACHI, R. and KUDO, K. Emergence of Wrinkles during the 

Curing of Coatings. Gels. 2018, vol. 4, p. 41. 

[3] JAN, G., JAN, G. Soft matter with hard skin: From skin wrinkles to templating and material characterization. Soft 

Matter. 2006, vol. 2, pp. 310-323. 

[4] MAKSIMOVA, O., MAKSIMOV, A., DIORDIICHUK, D. Investigation of corrosion resistance of steel with polymer 

coatings. In: METAL 2015: 24th International Conference on Metallurgy and Materials. Ostrava: TANGER, 2015, 
pp. 941-946. 

[5] MAKSIMOVA, O., MAKSIMOV, A., MOISEEVA, A. Influence of interface on the formation process of polymer 
coatings on metal. Journal of Advanced Dielectrics. 2016, vol. 6, no. 01, pp. 1-5. 

[6] MAKSIMOVA, O., PISKUNOV, O., GERASIMOV, R., BARUZDINA, O., MAKSIMOV, A. Computer simulation of 
shearing deformation in polymer systems with polar groups. Journal of Advanced Dielectrics. 2020, vol. 10, no. 

03, pp. 1-6.  

[7] KAUSCH, H. Polymer Fracture, Polymers - Properties and Applications (t 2). Verlag Berlin Heidelberg: Springer, 

2012 (reprint of 1987). 

[8] SEMCHUK, O.Y., GRECHKO, L.G., VODOPIANOV, D.L., KUNITSKA, L.Y. Features of light scattering by surface 

fractal structures. Taskquarterly. 2009, vol. 13, no. 3, pp.199-206. 

[9] LIN, N., LEE, H.P., LIM, S.P., LEE, K.S. Wave Scattering from Fractal Surfaces. J. Mod. Opt. 1995, vol. 42, no. 1, 

р. 225. 

[10] WANG, M., LI, J., REN, L. Characteristics of EM scattering on dielectric fractal surface. Chinese Science Bulletin. 

1997, vol. 42, no. 6, pp. 523-526. 

[11] TORKHOV, N. A., BOZHKOV, V.G. Fractal character of the distribution of surface potential irregularities in 

epitaxial n- gaas. Semiconductors. 2009, vol. 43, no. 5, p. 551. 

[12] KUZMIN, O.V., MALAKICHEV, A.O. Geometric fractals modeling through infinite graphs. Modern technologies.  

System analysis. Modeling. 2012, vol. 35, no. 3., p. 79. 

[13] GEHANI, A., AGNIHOTRI, P., PUJARA, D. Analysis and synthesis of Multiband Sierpinski carpet fractal antenna 

using hybrid neuro-fuzzy model. Progress in electromagnetics research letters. 2017, vol. 68, pp. 59-65. 

[14] RUZHITSKAYA, D.D., RYZHIKOV, S.B., RYZHIKOVA, Y.V. The Optical Properties of Fractal Nanodendrites in 

the Processes of Their Self-Organization. Moscow Univ. Phys. [online]. 2018, vol. 73, pp. 306-309. Available 
from: https://doi.org/10.3103/S0027134918030165. 

[15] DOI, M., EDWARDS, S. F. The Theory of Polymer Dynamics. Oxford: Clarendon Press, 1986.  

[16] MAKSIMOVA, O., BAIDGANOV, A., PETROVA, T., MAKSIMOV, A., EGOROV, V. Simulation of the Surface of 

Metal Sheet with Textured Polymer Coating by Method of Diffusion-Limited Aggregation. In: Proceedings 28th 
International Conference on Metallurgy and Materials. [online]. Ostrava: TANGER, 2019, pp. 903-908. Available 

from: https://doi.org/10.37904/metal.2019.737 

[17] KOCHERVINSKY, V. V. The properties and applications of fluorinecontaining polymer films with piezo- and pyro-

activity. Russ. Chem. Rev. 1994, vol. 63, p. 367. 

[18] BARTENEV, G. M., FRENKEL, S. Y. Physics Polymers. Leningrad: Khimiya, 1990. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

835 

CHARACTERIZATION OF Zn-Mg-Al BASED COATING 

1Petr MOHYLA, 1Jiřina VONTOROVÁ, 1Karolina SLAMOVÁ 

1VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, jirina.vontorova@vsb.cz 

https://doi.org/10.37904/metal.2021.4202 

Abstract 

This paper aims to characterize Zn-Mg-Al based coating by profile analysis and determine its thickness as a 

basic property of the coatings. The most frequently used method for its determination is optical microscopy, 

but it is time-consuming and destructive. Glow Discharge Optical Emission Spectrometry (GDOES) was 

chosen as the second method for determining both the thickness and the chemical composition of the coating. 

The results show that both methods give statistically identical results. The suitability of using GDOES for Zn-

layer analysis has already been demonstrated in the literature, and this work confirms these conclusions. Its 

use for the analysis of alloy layers has been verified by this work. 

Keywords: Zn-Mg-Al layer, Zn layer, GDOES, optical microscopy 

1. INTRODUCTION 

The basic methods dealing with corrosion protection [1-3] include the hot-dip galvanizing method [4]. Hot-dip 

galvanized sheets are often used in the automotive industry, where formability is also an important feature [5]. 

The principle of this method consists in the contact of the iron contained in the steel with zinc [6]. The reaction 

occurs to form a tightly bonded alloy coating that provides corrosion protection to the steel [7]. Zn coatings 

have undeniable advantages, but they still corrode due to their higher electrode potential relative to steel. The 

dissolution rate and the difference in corrosion potential between Zn and steel can reduce the use of Zn alloy 

coating with Ni [8,9], Co [10] or Sn [11]. Currently, Zn-Mg-Al based anti-corrosion coating is being studied [12]. 

In addition to the increased corrosion resistance, the coatings obtained from these baths have higher hardness 

and scratch resistance [13]. 

The elements added to the zinc bath significantly affect the structure, appearance and corrosion resistance of 

the resulting coating [12]. Aluminium improves the plasticity of the coating, lightens, increases gloss and 

improves corrosion resistance by forming a zinc coating containing Al2O3. Fe-Al intermetallic phases are 

emitted at the solid/liquid interface during the galvanising process, forming a barrier to the reactive diffusion of 

zinc and preventing the growth of Fe-Zn intermetallic phases. Magnesium improves the wettability of the steel 

substrate, reduces the surface tension of the bath, and improves corrosion resistance. 

Glow Discharge Optical Emission Spectrometry (GDOES) [14] is a method used to determine the average 

chemical composition of the base material [15] as well as the thickness and chemical composition of Zn layers 

[16]. In this paper, its use for the analysis of alloy coatings is verified. Optical microscopy is used as a 

comparative method [17]. 

2. EXPERIMENTAL MATERIAL 

The thickness and composition of the Zn-Mg-Al and Zn layers (galvanized sheet without surface finishing) 

were characterized on two sheets of non-alloy steel (see Figure 1). The chemical composition of the base 

material was determined after evaporation of the “BULK” surface layer by Glow Discharge Optical Emission 

Spectrometry analysis (Table 1). 
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Figure 1 Samples with craters after GDOES profile analysis a) Zn coating, b) Zn-Mg-Al coating 

Table 1 Chemical composition of the base material (wt. %) 

C Mn Si P S Cr Ni Mo 

wt. % 

<0.001 0.128 <0.001 0.012 0.010 0.035 0.061 0.005 
 

Cu Ti Co B Pb V W Al 

wt. % 

0.051 0.032 <0.001 <0.001 <0.001 0.010 <0.001 0.077 

3. EXPERIMENTAL METHODS 

A glow discharge optical emission spectrometer made by Spectruma Analytik GmbH (model GDA 750) was 

used in this work. The average chemical composition of the sample base material was determined by BULK 

GDOES analysis under 700 V and 35 mA excitation conditions. Profile analysis was performed under 

excitation conditions of 1000 V and 15 mA. Measurement of the zinc layer thickness on the sample was 

performed in cross-section on an Olympus IX50 optical microscope. Both of these instruments are operated 

at the Faculty of Materials Science and Technology, VSB - Technical University of Ostrava. 

4. RESULTS AND DISCUSSION 

In the following figure (Figure 2), two records of profile GDOES analysis of galvanized sheet and Zn-Mg-Al 

coated sheet are shown as an example. As expected, > 99 % zinc was measured on the surface of the Zn sheet 

(Figure 2a), with the proportion of zinc decreasing with increasing crater depth and the proportion of iron and 

other elements that were part of the base material increasing. The other elements have such low percentages 

that it would be meaningless to show them. Even the scales of the profile records of magnesium, aluminium, 

manganese, chromium, nickel and copper had to be changed for the sake of recognition - the value subtracted 

from the record must be divided by the constant given in the legend of the records. 

In the profile analysis record of the Zn-Mg-Al coated sheet (Figure 2b), the concentration of Zn, magnesium 

and aluminium is approximately 95 %, 3.7 % and 0.7 %, respectively; their concentration decreased with crater 

depth. The concentration of iron and other elements contained in the base material increased analogously with 

decreasing Zn coating.  

The curve of zinc content in the base material varied for both the conventional and modified coating. This may 

have been due to a non-stabilised detector or the analyser sensitivity to the dusty material redeposited on the 

crater wall. 
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Figure 2 Profile records of GDOES analyses of non-alloy steel sheet with a) Zn coating, b) Zn-Mg-Al coating 

As shown in (Figure 1), the records were measured repeatedly. The individual thicknesses were not 

statistically different and are recorded in Table 2. The average thickness of the Zn coating was 10.1 μm, and 

that of the Zn-Mg-Al coating was 6.0 μm. The coating thickness was read at the point where the Zn and Fe 

profile curves crossed. 

Table 2 Surface layer thicknesses determined by GDOES (µm)  

Sample 
Zn coating Zn-Mg-Al coating 

µm 

Measurement 1 6.1 10.1 

Measurement 2 5.7 10.2 

Measurement 3 6.2 10.1 

Measurement 4 6.1 10.0 

Measurement 5 6.0 10.3 

Average 6.0 10.1 

 

Figure 3 Zn coating - cross-section on Olympus IX70 optical microscope 
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Optical microscopy was chosen as the method of comparison. The samples were subjected to metallographic 

preparation before analysis and then observed on an optical microscope. Two samples of each type of coated 

sheet were prepared, and the thickness and uniformity of the coatings were assessed.  

The following figures show cross-sectional images of the samples obtained using an Olympus IX70 optical 

microscope (Figures 3 and 4). The Zn-Mg-Al coated image (Figure 4) shows the eutectic microstructure of the 

coating. The classical Zn coating is characterized by a homogeneous microstructure (Figure 3).  

Coating thicknesses were measured at 10 locations in each image (as shown in Figure 4). The galvanic 

Zn coating reached an average thickness of 5.8 μm on the first sample and 5.3 μm on the second sample. The 

average thickness of the Zn-Mg-Al coating was 10.2 μm (sample 1) and 11.1 μm (sample 2). All measured 

values are shown in Table 3. The measured values (20 for each type of coating) were statistically evaluated 

by QC Expert software and were found to have a Gaussian distribution with no outliers. Box plots confirming 

these conclusions are shown in (Figure 5).  

 

Figure 4 Zn-Mg-Al coating - in cross-section on Olympus IX70 optical microscope - with layer thickness 

measurement 

 

Figure 5 Box plots - evaluation of layer thicknesses of Zn and Zn-Mg-Al coatings - QC Expert software 
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Table 3 Surface layer thicknesses determined by optical microscopy (µm) 

Sample 

Zn coating Zn-Mg-Al coating 

model 1 model 2 model 1 model 2 

µm 

Measurement 1 5.8 5.0 10.0 11.7 

Measurement 2  5.7 6.5 10.0 10.9 

Measurement 3 5.8 4.6 10.6 11.3 

Measurement 4 5.6 5.1 9.8 10.9 

Measurement 5 6.2 5.0 10.0 10.9 

Measurement 6 5.6 5.5 10.0 11.1 

Measurement 7 5.7 4.0 10.2 10.9 

Measurement 8 5.8 4.2 10.4 11.1 

Measurement 9 6.1 6.0 10.4 10.8 

Measurement 10 6.0 6.7 10.4 11.0 

diameter 5.8 5.3 10.2 11.1 

The following table (Table 4) summarises the results obtained - i.e. compares the thicknesses of the individual 

layers determined by the two methods. 

Table 4 Comparison of results (surface layer thicknesses) determined by GDOES and optical microscopy 

(µm) 

Sample 

Average layer thickness 

Optical microscopy GDOES 

µm 

Zn coating 5.5 6.0 

Zn-Mg-Al coating 10.6 10.1 

5. CONCLUSION 

This work aimed to characterize the Zn-Mg-Al coating using optical microscopy and GDOES analysis and 

compare it with the classical galvanic zinc coating. It was found that the thickness of the Zn-Mg-Al surface 

layer is larger (almost twice) and more even than that of the pure galvanic zinc layer. Furthermore, the 
suitability of using GDOES analysis to analyse alloy coatings was confirmed. 
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Abstract  

High velocity oxy-fuel spraying (HVOF) being one of thermal spraying techniques, is deployed in many 

commercial applications mostly for very hard wear and/or corrosion resistant coatings. Supersonic speed of 

the spraying jet combined with temperatures around 5500 K is utilized to spray most metals, metallic alloys, 

cermets and superalloys [1-3]. Typical HVOF coatings are compact, dense, with very low porosity, low to 

moderate oxidation level and high bonding strength to substrate [1]. Cermets and superalloys are standardly 

commercially applied HVOF materials, demanded for superb wear resistance, high hardness, abrasion and 

erosion resistance and overall great performance in high stress and/or high temperature environments. Proper 

testing methods are required to evaluate quality of deposited coatings and consequently choose coating with 

optimized properties for demanded application. There are many testing methods standardly and widely used 

for evaluating properties of thermally sprayed coatings - such as superficial indentation, micro and 

nanoindentation on cross section of the coating, tensile adhesion strength test, many tribological tests, etc. [1]. 

This article concerns modified TCT (tubular coating tensile test) for testing cohesion strength of the coatings 

with the use of common tensile test equipment. In this paper, specimen assembly, coating deposition, testing 

procedure and calculation of results is described. Cohesion strengths of five HVOF commercial coatings: 

Stellite 6, Hastelloy C 276, Cr3C2-25NiCr, WC 10Co4Cr and NiCrFeSiBC are evaluated.  

Keywords: Thermal spraying, HVOF, cohesion strength, thermal spray coating testing, cermet coating, tubular 

coating tensile test, TCT test 

1. INTRODUCTION 

HVOF (high velocity oxyfuel spray) thermal spray coatings are mostly used to increase parts performance in 

severe wear, abrasive or erosive conditions and to improve thermal and/or corrosive resistance. Carbides such 

as WC or Cr3C2 in metallic matrix (e.g. Co, CoCr, NiCr) are most common commercial wear resistant 

coatings [1]. On part where not only wear, but also corrosion and high temperature resistance is required, 

Stellite or some other metallic alloy coatings (such as NiCrSiB) are employed [2,4]. All those materials features 

dense lamellar structure with very low porosity and high substrate-coating adhesion [1,2,4].  

Because of generally superb adhesion strength between HVOF coatings and most substrate materials, full 

delamination on the interface between coating and substrate is quite rare as primary failure mechanism under 

most industrial operating conditions. Adhesion strength pull-off tests are commonly used to evaluate adhesive 

properties of the thermally sprayed coatings, HVOF coating included. In this pull-off test, a glue of known 

adhesion strength is utilized to stick together coated sample with counterpart to produce specimen for pull-off 

test. However, most HVOF coatings-substrate systems, when properly sprayed, display higher adhesion 

strength on the substrate-coating interface, than adhesive strength of the glue-coating interface. Therefore 

results of such tests can only prove, that the real adhesive strength of the coating is above the adhesion limits 

of the glue used for the test. On the other hand, cohesion strength of the coating might be evaluated in pull-off 
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test only in case, when it is both lower than adhesion in substrate-coating and coating-glue interfaces. In this 

case, the failure mechanism during pull-off test is inside the coating - cohesive strength of the splats are 

exceeded in tensile state and the coating integrity fails  

In order to evaluate cohesion integrity of coatings, where pull-off test results are not sufficient, special testing 

procedures called TCT tests (tubular coating tensile test) are utilized. Some examples of this testing procedure 

can be found in literature, e.g. [5,6,7]. The preparation of test specimens, testing, evaluation of test results and 

cohesion strength of some commercial HVOF coatings are presented in this paper. 

2. COHESION STRENGHT TEST 

2.1. Specimens preparation and coating deposition 

Testing specimen compose of two cylinders with same outer diameter and with coaxial inner mounting. Those 

two cylinders can be fitted together tightly to form a single cylindrical surface. Frontal surfaces of each cylinder 

as well as the coaxial mounting and outer diameters have to be machined with precision and within strict 

tolerances to perfectly match each other. Figure 1 a) shows specimens, both assembled and disassembled 

with visible dividing plane, and Figure 1 b) shows both halves of testing specimen separated with visible 

coaxial mounting.  

After assembling both halves of each specimen with screw connection trough the center hole, surface was 

degreased, grid blasted and coating was deposited. Precise diameter measurement took place before blasting 

and after spraying - both at ambient temperatures. Coating was sprayed on the outer cylindrical plane in order 

to connect both halves of the specimen assembly with the coating. Surface temperatures were measured 

during spraying process with laser pyrometer calibrated to each material specific emissivity (emissivity values 

were measured for ambient temperature). Same spraying pattern with same number of spraying passes were 

utilized to spray all materials. Surface temperature during spraying did not pass 110 °C. After the spraying was 

finished, screw connection was removed and both halves sticked together only with the coating. In this state, 

specimens are ready to undergo tensile test according to ISO 6892-1 [8].  

For every coating material, four specimen assemblies were prepared. Specimen material was mild steel.  

 

Figure 7 a) two coated specimen after cohesion failure of the coating as a result of tensile test, b) separated 

halves of a tested specimen 

2.2. Testing procedure 

During tensile test, growing axial force is applied on the coated specimen. Since both halves of specimen are 

connected together only by the coating, tensile stress develops in the coating cross section on this interface. 

After tensile stress reaches the cohesion strength limit, the coating failure occurs on the interface. Force at 

breaking point is a result required for further calculations.  

a) b) 
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2.3. Calculation of results 

With known diameters of the specimen before and after spraying, area of the coating cross section (annulus) 

can be calculated as shown in equation (1). This anulus is the area where tensile stress is induced during 

tensile test. Force at the rupture point of the coating is proportional to the ultimate tensile strength, which is 

calculated according to equation (2). Ultimate tensile strength calculated as explained above is equal to the 

cohesion strength of the coating, since the fracture mechanics of the coating after this test is always coating 

cohesion failure. 

For the means of calculation of the results, it was presumed that tensile force applied in the axis of specimen 

is perfectly coaxial with coating annulus, thus inducing uniform tensile stress in the coating cross section. 

However, in reality there are always manufacturing and assembling inaccuracies, leading to a possible axial 

misalignment of both halves of the tested specimens. For this reason, it can be assumed that besides to a 

pure tension, other stresses types can emerge during tensile test, such as shear stress. However, in the 

calculation of the results, simple tensile stress was considered. Therefor the real cohesion strength can be 

slightly higher than the strength calculated from this test due to the possible combined stresses effect emerging 

during tensile test. 

��83�7�� � G[2
4 ( G52

4 � G
4 `[2 ( 52)           (1) 

H1 � �1
��83�7��

                 (2) 

where: 

D  - diameter after spraying (mm) 

d  - diameter before spraying (mm) 

Scoating  - area of the coating cross section (mm2) 

Rm  -  ultimate tensile strength (MPa) 

Fm - force at rupture (N) 

2.4. Tested materials specifications  

Five commercial HVOF powders were chosen to underwent this test - see Table 1. All of selected powders 

are used to produce commercial coatings in VZÚ Plzeň s.r.o. with the utilization of optimized spraying 

parameters. As spraying equipment, JP-5220 HVOF gun with FST HV-50 control unit and FST-20C/FT dual 

powder feeder was utilized. 

Table 3 Commercial powders used in cohesion strength test 

Commercial 
designation 

Chemical composition Material 
equivalent 

Manufacturer 

Woka 3652 WC 10Co 4Cr   Oerlikon Metco 

M-484.33 Co 28.5Cr 4.5W 1C 1Si Stellite 6 Flame Spray Technologies 

M-771.33 Ni 16Cr 4Fe 4.25Si 3B 0.7C   Flame Spray Technologies 

Amperit 588.074 Cr3C2 25NiCr   Höganäs 

M-341.33 Ni 16Cr 15.5Mo 4W 3Fe Hastelloy C-276 Flame Spray Technologies 
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3. RESULTS 

Based on the measured diameters and force at cohesion failure, cohesion strengths were calculated according 

to equation (2). Measured diameters, forces and calculated cohesion strength with mean values and standard 

deviations can be seen in Table 2. Thicknesses of all tested coatings were around 420 microns. 

Table 4 Results of the cohesion strength test 

Coating 
material 

Chemical 
composition 

Thickness 
of the 

coating  

(µm) 

Area of the 
annulus  
(mm2) 

Force at 
cohesion 
failure Fm 

(N) 

Calculated cohesion strength Rm 
(MPa) 

Value for 
respective 
specimen 

Mean 
value 

Standard 
deviation 

Woka 
3652 

WC 10Co 4Cr 425 ± 3 80.01 27 306 341.3 308 30 

79.96 25 226 315.5 

79.38 20 628 259.9 

80.89 25 359 313.5 

uM-
484.33 

Co 28.5Cr 
4.5W 1C 1Si 

(Stellite 6) 

420 ± 8 78.05 32 685 418.8 411 14 

77.17 29 863 387.0 

81.25 34 251 421.5 

79.97 33 347 417.0 

M-771.33 Ni 16Cr 4Fe 
4.25Si 3B 

0.7C 

418 ± 13 82.86 24 943 301.0 307 7 

77.13 22 976 297.9 

76.51 24 213 316.5 

77.73 24 184 311.1 

Amperit 
588.074 

Cr3C2 25NiCr 413 ± 8 76.47 9 963 130.3 138 5 

75.88 10 556 139.1 

79.30 11 077 139.7 

78.72 11 307 143.6 

M-341.33 Ni 16Cr 
15.5Mo 4W 

3Fe (Hastelloy 
C-276) 

421 ± 11 75.39 24 299 322.3 325 7 

80.72 25 407 314.7 

79.66 26 255 329.6 

80.56 26 807 332.8 

Table 5 Visualized results of the cohesion strength of tested commercial materials 

 

In order to achieve as accurate results as possible, great precision has to take place during production of 

specimen - for machining, diameter measurements and coating deposition. Even with most precisely machined 

Rm ±

Woka 3652 WC 10Co 4Cr 308 30

FST M-484.33 Co 28.5Cr 4.5W 1C 1Si Stellite 6 411 14

FST M-771.33 Ni 16Cr 4Fe 4.25Si 3B 0.7C 307 7

Amperit 588.074 Cr3C2 25NiCr 138 5

FST M-341.33 Ni 16Cr 15.5Mo 4W 3Fe Hastelloy C-276 325 7

Comercial Powder Chemical Composition
Materials 

equivalent

Cohesion Strength  (MPa)
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specimens, there can always be production inaccuracies leading to development of other stresses types 

except simple tension. Although it is not expected for those stresses to have significant influence on calculated 

cohesion strength. Table 3 reviews visualized results of cohesion strength of tested commercial materials. 

4. CONCLUSION 

Non standardized test for coating cohesion strength evaluation was presented. Principle of the test, specimen 

preparation, coating deposition and calculation of the results were described. Moreover cohesion strengths of 

five HVOF coatings of commercial powders were evaluated.  

Same coating thicknesses around 420 microns were selected for all tested materials. This thickness is slightly 

above commonly required thickness for selected HVOF coatings, which is mostly between 250 and 400 

microns (although with many exceptions depending on the actual industrial use of coated part). With four tested 

specimen for each material, standard deviations of the results were in order of few percent, with exception of 

Woka 3652 (WC 10Co4Cr) that exhibited slightly higher standard deviations around 10 %. Cr3C2 - 25 NiCr 

proved to have by far the lowest cohesion strength of all 5 tested HVOF coatings with values around 138 MPa. 

Stellite 6 coating showed highest cohesion strength of all tested materials with values around 411 MPa.  

The adherence and coating cohesion is strongly influenced by the residual stresses [9]. Since the residual 

stress in the coating depends on the thickness, it can be assumed, that values of cohesion strength will vary 

with the changing coating thickness [9,10]. Therefore, more tests performed on different thicknesses of those 

coatings could provide a deeper insight to the influence of residual stresses on the cohesion of these HVOF 

coatings.  
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Abstract  

Thermofriction hardening of steels is a modern technology for extended use in the production of various parts, 

the surfaces of which require increased wear resistance. The presented research continues the work of the 

authors on the study of the transformation and properties of metal structures that have received frictional 

processing; identification of physical mechanisms of steel hardening and the formation of ideas about residual 

manifestations and support of the strength heredity of intense frictional contact in the subsequent life cycle of 

the part at the final operations of its shaping and operation under conditions of thermophysical loading similar 

to tempering. This study examines the behavior of surfaces hardened by thermofrictional treatment under 

conditions of subsequent operational thermal loading, which is simulated by heating to elevated temperatures 

(up to 600 °C) and holding steel at these temperatures for up to one and a half hours. Metallographic and 

durametric studies have been carried out on cross-sectional sections of 65G steel samples. The 

microhardness in the near-surface layer decreases the more, the higher the heating and the time of testing 

with an elevated temperature. At the same time, the surface of steel that has previously undergone 

thermofrictional hardening is much harder than its base in the entire range of experimental conditions. This 

indicates the prospects of thermofriction hardening for steel products operating under conditions of increased 

thermal loads, and stimulates further research in this direction. 

Keywords: Metallography, dispersion, white layer, heating, microhardness 

1. INTRODUCTION 

Strengthening of materials, and especially surface hardening, is today a very popular issue, which is used for 

a wide range of products. The use of various approaches to surface hardening is a topical issue and is actively 

studied with a wide geography.  

Frictional processes are a potentially powerful source of energy and are used even in processes such as 

welding. In the literary source [1], the influence of the parameters of this type of welding on the thermal 

phenomena that occur during this process is considered. In many cases, surface treatment in various ways 

produces white layer structures that have a certain degree of similarity. Informative, from a scientific point of 

view, is the study of the behavior of individual structural components during deformation of materials. Thus, 

the behavior of the austenitic component in alloy steel is considered during hot deformation in a scientific article 

[2].  
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In [3] the influence of electro-erosive treatment on the microstructure of the white layer and its corrosion 

resistance is considered. The work [4] is devoted to the description of the martensitic white layer, which is 

obtained in steel by adhesive sliding friction. Analysis of the effect of surface nanocrystallization on friction and 

wear resistance of low-carbon steel is considered in [5]. The nanostructured surface layer, which is formed in 

the materials under the action of treatment with surface mechanical friction is described in [6]. It should be 

noted that an important operational parameter is the size of grain the objects under study. Scientific work [7] 

is devoted to the influence of grain size on the wear resistance of nanostructured steel. In [8] the influence of 

strain hardening on the wear resistance of Gadfield steel is described.  

A detailed work [9] is devoted to the microstructural evolution of the white layer in steels, but only from the 

standpoint of the influence of mechanical contact. The attention of [10] is also drawn to the structure and 

properties of the white layer as a consequence of intensive mechanical processing. Thermally deformed white 

layers as applied to high carbon steel are considered in [11]. 

The application of alternative technologies for steel products using friction processes can significantly reduce 

industrial costs and obtain products of high functionality. This can contribute to an increase in the economic 

effect, both in production and in the use of various products. In this regard [12], the use of thermo-friction 

hardening (TFH) is economically attractive in obtaining steel products with high hardness and, accordingly, the 

expected wear resistance of the surface.  

In addition to the ability to quickly and inexpensively harden the surface of various objects, it is important to 

meet a number of requirements for them, expanding the possibilities of effective use in various conditions, 

including stressful operation. In this direction, the stability of the structure and properties of products at elevated 

temperatures is important. This study is aimed specifically at studying the behavior of the technological heredity 

of steel TFH under conditions of elevated temperatures, transformation of the structure and properties provided 

by the TFH. 

2. EXPERIMENTAL PROCEDURE 

The study was carried out on the example of steel 65G (Table 1). Among its foreign analogues, the leading 

countries of the steel industry are represented by many brands, in particular 1066 (USA), 66Mn4 (Germany), 

080A67 (Great Britain), 65Mn (China). The choice of the steel grade for research, in addition to its well-known 

industrial popularity, is also due to the previous experience of experimental work with it as a material for the 

production of knives, using an electric current activated by the discharge action in the diamond-spark grinding 

zone at the end of the technological cycle of manufacturing the TFH post, while maintaining a functionally 

positive technological inheritance of the previous friction hardening [13]. An important aspect of expanding the 

use of steel knives in the context of this study is both cold and hot cutting of different materials. 

Table 1 Chemical composition of steel, % wt 

С SI Mn Ni S P Cr Cu Fe 

0.62-0.7 0.17-0.37 0.9-1.2 ≤0.25 ≤0.035 ≤0.035 ≤0.25 ≤0.2 Rest, ~97-98 

Flat specimens for research with dimensions of 100 mm x 40 mm x 25 mm were preliminarily passed through 

the TFH on 3G71 surface grinding machine (Figure 1) using disc tool made of St3 steel with the following 

processing modes: peripheral speed of the too 35 m⋅s−1, sample feed rate 30 mm⋅s−1, processing depth 

0.7 mm.  

The study of the features of structural changes in steel and the assessment of the behavior of the 
microhardness of white layers under test conditions with an increase in temperature after TFH were carried 

out by heating to 200 °C, 400 °C, 600 °C, and holding for 10 min., 30 min., 60 min., 90 min. at these 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

848 

temperatures. The range of heating temperatures is adopted according to the classical tempering temperatures 

[14]. 

 

Figure 1 TFH process 

Metallographic analysis along the slice of standard etched thin sections after TFH and furnace heating was 

carried out using an MIM-7 microscope, by photographing microstructures together with a micrometer ruler 

and using interchangeable objectives and eyepieces with different optical characteristics.  

The microhardness was measured using a PMT-3 microhardness tester with a load on the indenter of 100 g. 

The distance between the edge of the sample and the first indentation was 3 μm, and between the subsequent 

ones - 5 μm or more, depending on the homogeneity of the layers to be removed. 

3. RESULTS AND DISCUSSION 

The measured data on the microhardness of white layers after heating with different holding times are shown 

in (Table 2).  

Table 2 Microhardness of the white layer after TFH and heating, GPа 

Temperature holding time, min. Heating temperature, °С 

200 400 600 

10 17.4 14.3 8.0 

30 16.0 12.0 6.2 

60 14.5 10.7 5.6 

90 14.0 10.0 5.0 

Structural changes that occur when the samples are heated after their TFH showed that there is a relative 

stability of the white surface layer. In all samples, after heating, three characteristic zones are preserved 

(hardening, thermаl softening, base metal, which were considered in previous studies, with the initial 

microhardness of the white surface layer 18.0 GPa [12].  

When heated to a temperature of 200 °C, white surface layer of the samples (hardening zone) (Figure 2a) has 

a fine-grained structure with an oblong grain shape and a size significantly smaller than the size of martensitic 

needles, which make up the base metal layer. The level of its microhardness is significantly higher than in the 

base metal zone of samples after preliminary quenching and low-temperature tempering. This is visually shown 
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by microhardness prints in photos of microstructures. The average depth of this strengthening zone is 0.6-0.7 

mm. 

Figure 2 The microstructure of the cross section after TFH, heating to temperatures of  

200 °C (a), 400 °C (b), 600 °C (c), and holding for 30 min. Magnification 500 

The zone of base metal is shown at the bottom of microstructures photos (Figure 2). It has a needle-like 

structure of martensite after low-temperature tempering caused by previous heat treatment by TFH exactly in 

this temperature range (about 200 °C). Its microhardness reaches 6.5 GPa. 

These two zones are connected by a rather thin layer with a darker structure of a different type, with a minimum 

level of hardness. The microhardness here decreases to the level of 3.5 GPa, which is typical for the thermаl 

softening. This low level of hardness is explained by the spread of tempering temperatures to this depth, and 

the structures corresponds to sorbite-like - and troostite-like. 

When heated to temperature 400 °C, the cross-section pattern (three zones) remains, which is described 

above. However, there are significant changes in the hardening zone and the base metal zone. At a given 

temperature, these zones instead of the martensitic structure acquire the structure of troostite after medium-

temperature tempering (Figure 2b). 

This structure is formed as a result of the decomposition of martensite (transformation of type martensite - 

perlite). However, the degree of dispersion of the hardening zone troostite and the base metal zone troostite 

is not the same and is higher in the hardening zone. This can be explained by the conditions for obtaining a 

surface reinforced layer at TFH. It include the deformation component and provide the appearance of more 

crystallization centers on which troostite grains grow (Hall - Petch). 

However, in these samples, the volume of transformations occurred partially. Its completeness is directly 

proportional to the holding time at the specified temperature. Sample after holding for 30 minutes has a 
microhardness of the base metal zone of 5.2 GPa. The degree of thermаl softening is more pronounced in 

samples where the exposure time was 60 min and 90 min. The microhardness of the base metal is reduced 

to 4.9 GPa and 4.5 GPa, respectively. The depth of reinforcement does not change and is 0.6-0.7 mm. 

a) b) c) 
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The study of the microstructure and microhardness samples after TFH and heating to a temperature of 600 °C 

and determined holding found that there is still some separation between the hardening zones and the base 

metal. However, the structure of these zones consists of sorbite after high-temperature tempering (Figure 2c), 

which also has a higher degree of dispersion in the hardening zone. This structure is also formed as a result 

of the decomposition of martensite (transformation of type martensite - perlite). Complete transformation 

occurs in the sample, where the exposure time was 90 minutes., by analogy with heating up to 400 °C. 

At the same time there is a drop in microhardness, both in the zone of hardening (Table 1) and in the zone of 

the base metal. However, the microhardness of the surface layer is higher compared to base metal, where 4.8 

GPa at 10 minutes of holding, 4.2 GPa at 30 minutes of holding, 3.8 GPa at 60 minutes of holding and 3.5 

GPa at 90 minutes of holding.  

The softening zone visually disappears, as its troostite part undergoes changes similar to the base metal, and 

merges with it. However, the transition from the hardening zone to the base metal zone due to the different 

grain size in them remains noticeable. The depth of the hardening zone did not change either, and it was in 

the interval of 0.6-0.7 mm. 

The results obtained in this study show that at all heating temperatures, an increase in the holding time slows 

down the softening, and the holding time of 90 minutes practically ensures the final completeness of the 

transformation of the structure and properties of steel after TFH. In all cases, the microhardness indices of the 

hardening zone (surface layer) after testing at elevated temperatures remain higher than the microhardness 

of the base metal. 

This fact is explained by the fact that under TFH conditions, in addition to heating, a strain-stress state is 

formed in the sample surface. This initiates the appearance of a large number of crystallization centers. When 

heated to martensite decomposition temperatures, they provoke the growth of a large number of grains of 

perlite-like structures (troostite and sorbite), which makes them finer-grained.  

As a result, the complex of mechanical properties in general increases. It should also be noted that fine grain, 

first of all, contributes to an increase in impact strength [15]. This is very important in the surface layers of 

machine parts and tools. In addition, the depth of hardening maintains constant stability and does not change 

under the influence of temperature on the samples. Therefore, it is important to emphasize the possibility of 

effective use of TFP as a method of surface strengthening, and machine parts and tools that are strengthened 

in this way can work effectively, including in conditions of elevated temperatures. 

4. CONCLUSION 

The performed studies provide information on the nature and results of the transformation of the structure and 

properties of steel 65G provided by the TFH after subsequent exposure to certain elevated temperatures (200 

°C, 400 °C, 600 °C) for up to 90 min., after which the change (weakening) of the technological heredity of the 

TFZ can be considered relatively insignificant for operational prospects. At the same time, in the entire 

temperature range of tempering in steel that has passed the TFH, fine grain and increased hardness indicators 

are preserved. With a short holding time at specified temperatures (up to 30 min), the processes of decay of 

the structures of the surface reinforced layer occur partially, almost with the preservation of the original 

hardness, at a level from 6.2 GPa and above at 600 °С to not less than 12 GPa and 16 GPa, respectively, at 

400 °С and 200 °С. The surface of steel that has previously undergone TFH is much harder than its base in 

the entire range of experimental conditions. This indicates the prospects of TFH for steel products and 

stimulates further research in this direction. The results obtained support the possibility of effective use of TFH 

as a method of surface strengthening, and machine parts and tools that are strengthened in this way in 

conditions of elevated temperatures. 
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Abstract  

The trend to use modern materials and technologies in the development and construction of rail vehicles leads 

to testing new suitable alternatives for surface treatment of strain parts. Within the research project, suitable 

thermally sprayed coatings as alternatives for former surface treatment of selected components of rail vehicles 

are tested. The aim is to increase the functionality and service life of these parts. One of the key properties of 

these coatings has to be resistance against corrosion in the salt environment, as they need to protect the part 

for the whole life span in climatic conditions. In this study, possible coatings and the technology of their 

application are chosen for two components. These components are treated and tested in salt fog for 1000 

hours along with parts treated by conventional surface treatment. The potential of the coatings for protecting 

the parts is analyzed. Based on the results, a suitable coating for the component will be selected. 

Keywords: Thermal spraying, HVOF, APS, TWAS, coating, rail vehicles 

1. INTRODUCTION 

This work is a part of the project “Increasing of resistance of rail vehicle components by the means of modern 

thermal spraying technologies”. The goal of the project is to find suitable alternatives for surface protection of 

components of rail vehicles for enhancing their life span ideally for the life span of entire vehicles which can 

be more than 40 years. There are more types of parts with different demands of surface properties, some are 

exposed only to outer climatic conditions and thus need protection against corrosion in a wet and salt 

environment and basic protections against abrasion. Other parts, for example in vehicle chassis, additionally 

need very high resistance against abrasion and/or suitable friction properties. These properties are achievable 

through thermal spraying technologies but there are several possible methods, as well as an almost unlimited 

number of materials suitable for the application of surface layers. To correctly choose the suitable coating 

layer, it is necessary to know the application of the part, the method of loading and types of acting stresses, 

the working environment, and the expected lifespan of the part. [1,2,3]. 

Thermal spraying is a general term for forming metallic or non-metallic coatings with a thickness usually greater 

than 40 μm. The filler material (in the form of powder, wire, or rods) is partially melted using a heat source. It 

can be an electric arc, plasma, or flame. The heated and molten particles are accelerated towards the surface 

either by process gases or by atomizing nozzles. Due to the high kinetic energy, the particles are anchored on 

a roughened surface. This creates a bond with the surface of the substrate and the particles form a so-called 

lamellar structure [1,2,3,4].  

Some examples of possible applications of thermally sprayed coatings on rail vehicles components have been 

published in a previous study [5]. In this work, two components are selected with high demand on corrosion 

behavior. The suitable coatings for these components are selected and the goal is to assess their potential for 

protection against corrosion in a salt environment.  
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2. EXPERIMENTAL METHODS 

2.1. Thermal spraying 

In this work, two components for rail vehicles are selected for testing. The first one is “The Pivot”. This 

component has high demands on corrosion resistance, hardness, and resistance against abrasion. But it is a 

simple component, the functional part is rotary symmetrical. Based on requirements, suitable coatings are 

superalloys or carbide-based coatings. The chosen coatings were NiCrBSi (FST 771.33) by Flame spaying 

(FS) - this is a cheaper variation with lover coating quality - (Figure 1a), the HVOF (High-Velocity Oxygen 

Fuel) sprayed WC-CoCr (Woka 3652) coating - (Figure 1b) and HVOF sprayed CrC-NiCr coating (Amperit 

588.074) - (Figure 1c). The HVOF technology offers superior quality coatings with minimum pores. The 

coating on this component would be machined for real application, therefore the tested parts were prepared 

accordingly. Figure 1 also shows the typical microstructure of these coatings. 

 

Figure 1 The component “Pivot” treated by thermal spraying; 

a) Flame sprayed NiCrBSi (as-sprayed surface), 

b) HVOF sprayed WC-CoCr; c) HVOF sprayed CrC-NiCr (machined surface). 

The second component is „ Roll holder“. This component has high demands on friction properties, along with 

the component „Pivot“and the third component they make the functional part. The functional surface of this 

component is geometrically more complicated, and therefore the robotic spraying would be quite expensive. 

For this reason, the technology TWAS (Twin Wire Arc Spraying) was selected. This technology enables hand-

operated spying and therefore is more suitable for these components. Drawbacks lower quality of coatings. 

Based on friction requirements, the Mo coating (99 % Mo] or the CuAl coating is considered. The sprayed 

component along with the typical microstructure of these coating is presented in (Figure 2). 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

854 

 

Figure 2 The component “Roll holder” a) TWAS sprayed Mo coating (as-sprayed) 

b) TWAS sprayed CuAl coating (machined). 

2.2. Corrosion tests 

Salt spray testing is generally suitable as a corrosion protection test and for relatively rapid detection of pore 

and defect contents in inorganic and organic coatings and is a frequently used method. In this test, the ability 

of the coatings to prevent the passage of an aggressive environment through the coating to the substrate is 

tested. The principle of the test consists of exposing the test surface to an aggressive environment in the form 

of salt spray, which is created in a closed chamber by a special nozzle. The basis for the formation of a fine 

aerosol is saline NaCl solution. The test is performed in accordance with the standard ČSN EN ISO 9227 

(Corrosion tests in artificial atmospheres - salt spray tests). The parameters of the conducted test are: 

concertation of salt spray 5 ± 1 %; pH 6.5 - 7.2; temperature 35 ± 2 °C; duration of test 1 000 h. 

3. RESULTS AND DISCUSSION 

3.1. The component “Pivot” 

The tested parts after the 1000 h salt spray corrosion test are presented in (Figure 3). For comparison, the 

original part is added to the test. The whole surface of this part is treated by COATING GEOMET 321A+VL 

ISO 10683. For the first view, it can be seen that the Geomet coating has withstood the corrosion test. The 

HVOF sprayed WC-CoCr and CrC-NiCr coatings also show no sign of degradation on the first inspection.  The 

FS sprayed NiCrBSi coating shows very high degradation. The microstructure of the coatings after the salt 

spray test is depicted in (Figure 4). From this detail it can be seen that the best performance for corrosion 

protection provides the WC-CoCr coating, the CrC-NiCr coating shows some beginning of the corrosion on the 

interface with the substrate. The FS coating is shows very poor behavior in this test due to the high porosity of 

this coating. 
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Figure 3 The tested parts “Pivot” after 1000 h salt spray test. From left to right: 

Original part - Geomet; WC-CoCr (Woka 3652); CrC-NiCr (Amperit 588.074), NiCrBSi (FST 771.33) 

 

Figure 4 The microstructure of coatings after salt spray test: a) WC-CoCr (Woka 3652); 

b) CrC-NiCr (Amperit 588.074); c) Original coating - Geomet; d) NiCrBSi (FST 771.33) 

3.2. The component “Roll holder” 

For this component, the original part was also added to the test for comparison. The difference is that in this 

case, the original part is treated by paint coating on the whole surface except the functional areas stressed by 

friction. Contrary, the test thermally sprayed parts are treated only on the functional surface. The difference 

can be seen in (Figure 5), where the original part and the part sprayed by TWAS are shown. The corrosion of 

the original component is severe in the internal functional surfaces while on the exterior, the paint coating 

provides protection. The TWAS sprayed part is protected against corrosion in the internal functional surface, 

while the exterior is damaged. 
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Figure 5 The tested parts “Roll holder” after 1000 h salt spray test. 

a) original part b) TWAS sprayed Mo coating 

The detailed behavior of the TWAS sprayed coatings is depicted on the cross-section in (Figure 6). Two 

sections of the component’s surface are analyzed: The inner flat surface - sprayed in more standard incident 

angle; the internal diameter - sprayed in a more inclined angle where the coating can have lower quality. It is 

seen on cross-section, that the corrosion have affected the interface more severely at the internal diameter 

than in the case of the flat surface. From the used coatings, the CuAl shows better protection in salt spray 

conditions. 

 

Figure 6 The microstructure of coatings after salt spray test: a) CuAl coating - flat surface b) CuAl - internal 

diameter c) Mo coating - flat surface d) Mo coating - internal diameter 

4. CONCLUSION 

The corrosion behavior in salt spray condition for 1000 h was tested for the two rail vehicles components 

treated using thermal sprayed coatings. The first component “Pivot” requires apart from high corrosion 

resistance also high hardness and wear resistance. The HVOF sprayed WC-CoCr coating shows the best 
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performance from selected variants. The second component “Roll holder” requires apart from corrosion 

resistance suitable friction properties. The TWAS sprayed CuAl and Mo coatings were tested and the CuAl 

shows better behavior in salt spray. The additional analysis of corrosion product on the interface and detailed 

analysis of friction behavior will be conducted to correspondingly choose a more suitable coating for this 

component. 

The thermal spraying is suggested only for functional surfaces of these pars, from technical reasons of the 

application process or the economical reasons. The original parts treated by conventional surface technologies 

such as chroming, Geomet, or paint system are usually treated on their whole surfaces. From this reason for 

best performance of the components would be crucial to develop a process of combination of these surface 

treatment technologies as well as to conduct a detailed analysis of the behavior on the interface between two 

applied surface treatment. 
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Abstract  

Wire electrical discharge machining (WEDM) is non conventional technology in which the electrical discharges 

occurring between the wire electrode and workpiece allow to machine difficult to cut material. The shape 

accuracy of cut high parts is one of the major limitations of WEDM. Establishing favorable machining conditions 

for the required dimensional accuracy plays a key role in the process. Response surface methodology (RSM) 

was used to build empirical models on the influence of the discharge energy E, workpiece height H and wire 

tension Fn on the surface flatness deviation W and material removal rate MRR during the machining of tool 

steel X165CRV12. Developed models can be used in the WEDM process as a guideline for the selection of 

parameters to achieve the desired surface flatness deviation W and material removal rate MRR in industrial 

applications. 

Keywords: WEDM, wire electrical discharge machining, flatness deviation, discharge energy 

1. INTRODUCTION 

Wire electrical discharge machining (WEDM) is precision technology that allows to manufacturing difficult to 

machining conductive materials. Through the electrical discharges occurring in the gap between the wire and 

workpiece material is removed [1-2]. Suitable conditions to electrical discharges ensure the dielectric 

(deionized water) is delivered into the gap. Whit its flow the debris is evacuated from the gap. Dimensional and 

shape accuracy is one of the most important features characterizing the part after WEDM [3-4]. Predicting 

favorable machining conditions for the required dimensional and shape accuracy cutting parts plays a key role. 

Shape errors in cutting material are caused by physical phenomena occurring in the: wire vibrations caused 

by electric discharges and flowing dielectric as well as uneven distribution of treatment products [5-10]. The 

dimensional and shape accuracy of the workpieces after machining also depends on the height of the 

workpiece (along with the height of the cut material, the amount of eroded material facilitating the electric 

breakdown in the gap increases) [11-15]. The main goal of this research is a better understanding of the 

relationship between the influence the WEDM process parameters: discharge energy, workpiece heigh and 

wire tension on the shape errors of cutting parts and material removal rate.   

2. MATERIALS AND METHODS  

Conducted initial research and literature review indicate that the most important parameters of the wire 

electrical discharge machining which has a strong influence on the material removal mechanism are discharge 

current and discharge time. These parameters with considering constant discharge voltage (U) represent the 

discharge energy (E). The dimensional and shape accuracy of the workpieces after machining also depends 

on the height of the workpiece and wire tension. The preliminary test was conducted to investigate a range of 

stability discharges for different values of discharge current and pulse time. The measurement of the voltage 
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and current waveforms during the electric discharge was 

done with the probe Tektronix and Pearson current 

sensor, respectively. The sampling rate was 100 MS/s, 

2-Channel registration on the oscilloscope card. 

Analysis of the obtained data was done in DIAdem. The 

typical recorded current and voltage waveform during 

WEDM is shown in (Figure1). 

The discharge occurred when the intensity of the voltage 

field overcame the dielectric resistance in the gap 

between two electrodes. Open circuit voltage drops to 

discharge voltage and current increase to discharge 

current. During discharge time, the material is melted 

and evaporated as a result of the plasma channel 

impact. Finally, discharge current and voltage drops to 

near zero and debris formed as solidified molted 

materials are through away to the gap. During the time 

interval, the condition in the gap stabilize, and the 

process is repeated cyclically. The average discharge 

energy of the electrical discharge is described in 

Equation (1): 

� � � ��`�) ∙ ��`�)5�    `mJ),~�p

�
 (1)

where: Ic - discharge current, ton - pulse duration time, Uc - discharge voltage,   

 

Figure 2 Samples cut after WEDM 

The present paper was focused on the analyses of the influence of WEDM parameters and conditions on the 

flatness deviation of cut parts. Experimental studies were conducted on wire electrical discharge machine 

Robofil 190 Charmilles. The electrode used was a brass wire with a dimension of 0.25 mm and deionized 

water was used as the dielectric. The cutting samples of tool steel X165CRV12 have dimensions of 10 x 10 x 

H mm. The study was conducted according to experimental design, five levels, and three parameters. 

Experiments were conducted with the following machining conditions: discharge time in the range ton = 1.4 -

1.8 µs, workpiece heigh = 40 - 100 mm, and wire tension Fn= 0.4- 1.6 daN. Discharge voltage was constant 

U = 30 V. The sixteen samples was cut with different WEDM parameters (Figure 2). 

The influence of selected WEDM parameters and condition: discharge pulse, workpiece high and wire tension 

on surface flatness deviation was investigated. To achieve this goal, experimental research was carried out 

according to the Hartley design of the experiment, three-level three parameters. Surface flatness deviation 

Figure 1 Recorded current and voltage 

waveforms  
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measuring was performed on a Carl Zeiss coordinate measuring machine. A measurement strategy was 

determined in the Calypso software - the head movement path and the number of points were determined 

(raster strategy, 300 measurement points). Figure 3 shows exemplary reports on the performed 

measurements generated in Calypso. For a sample with a height of 100 mm (maximum cutting height), a clear 

concave surface was observed in the middle part (Figure 3b). However, in the case of cutting the sample of 

the smallest height (Figure 3a), no clear shape errors were observed. 

 
 

(a) (b) 

Figure 3 The graphical presentation of measured flatness deviation on CMM for workpiece height  

a) 40 mm, b) 100 mm 

3. RESULTS AND DISCUSSION 

Experimental investigation of the influence of the WEDM process parameters on the surface flatness deviation 

and MRR was carried out using response surface methodology (RSM). Table 1 shows the levels of machining 

parameters carried out in the experimental design and observed values of flatness deviation W and material 

removal rate MRR. 

Table 1 Design of the experimental matrix 

No. 
WEDM paramters  Observed values 

ton (µs) Calculated E (mJ) Fn (daN) H (mm) W (mm) MRR (mm2/min) 

1. 1.5 3.37 0.64 52 0.0168 55 

2. 1.5 3.37 0.64 88 0.0110 54 

3. 1.5 3.37 1.36 52 0.0273 37 

4. 1.5 3.37 1.36 88 0.0147 38 

5. 1.7 4.21 0.64 52 0.0168 65 

6. 1.7 4.21 0.64 88 0.0130 65 

7. 1.7 4.21 1.36 52 0.0301 54 

8. 1.7 4.21 1.36 88 0.0240 55 

9. 1.4 2.83 1 70 0.0168 40 

10. 1.8 4.86 1 70 0.0270 78 

11. 1.6 3.84 0.4 70 0.0128 120 

12. 1.6 3.84 1.6 70 0.0400 46 

13. 1.6 3.84 1 40 0.0285 54 

14. 1.6 3.84 1 100 0.0151 55 

15. 1.6 3.84 1 70 0.0237 55 

16. 1.6 3.84 1 70 0.0223 56 
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In the developed regression equations, it was decided to include the average value of the electric discharge 

energy determined in accordance with equation (1). The pulse energy depends on the pulse time, the current 

and the voltage of the electric discharge. The first two parameters are directly related to each other (the value 

of the discharge current depends on the pulse time and is a result parameter) for the tested object - a Robofil 

190 machine tool generator. 

The regression equation was described by the polynomial function of the second degree: 

b � �� c � �K�K c
�

K� 
� �K7�K# c

�

K� 
� �K7�K� c

�

K� ,K 
¡ (2)

The Fisher-Snedecora test (F) was used to verify the significance of the correlation coefficient R. The 

correlation coefficient R was significant when there was a relation for the associated p-value (p = 0.05). After 

eliminating the non-significant terms, the final response equations for the surface flatness deviation W and 

MRR presented in equations 3-4. Table 2 presents the regression summaries for the established equations: 

S � 0.0039 c 0.000087 ∙ � ∙  ¢ ( 0.0053 ∙ �n#    (3) 

£HH � 157.85 ( 4.35 ∙ ¢ c 18.56 ∙ � c 0.026 ∙ ¢# (4) 

Table 2 Regression summary 

Investigated parameters ratio R F/Fkr p-value 

Flatness deviation W 0.92 9.52 0.005 

Material removal rate MRR 0.87 3.48 0.003 

The developed regression equation indicates, that the main parameter influencing the flatness deviation W is 

the height of the cut material (Figure 4). As the height of the workpiece increases, the error of the surface 

flatness increases. The obtained value of the flatness deviation is in the range: 0.008 - 0.05 mm. The largest 

flatness deviation (about 0.05 mm) was obtained for the maximum height of the cut material, the discharge 

energy and the minimum tension force of the wire (Figure 4a). The conducted experimental studies indicate 

that the source of shape errors is related to the vibrations of the working electrode caused by many process 

variables. Along with the growth of the high of cut material, the number of debris increase in the middle of the 

height in the gap. Local concentration of debris cause an uneven distribution of discharges. Furthermore, this 

leads to wire vibration. The amplitude of the wire vibration is "reflected" on the workpiece (concave surface 

areas). The maximum value of the vibration amplitude is in the near central part of the surface.  

(a) (b) 

Figure 4 Estimated response surface plot for the Flatness deviation W: (a) constant wire tension Fn = 1 daN, 

(b) constant discharge energy E = 3.84 mJ 
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The value of the material removal rate of the WEDM process depends on the height of the cut material and 

discharge energy (Figure 5). With the growth of discharge energy the amount of volume of material that is 

removed from the workpiece during a single discharge grows. This leads directly to an increase in MRR. 

However, the main factor affecting the MRR is the stability of the EDM process. In the most favorable 

processing conditions, which are defined by: efficient removal of debris from the gap, uniform discharges on 

the entire electrode surface as well as the minimum amplitude of wire vibrations, the highest material removal 

rate is achieved. Depending on the conditions in the gap, the feed rate of the wire is changing. A feed that is 

too fast in relation to the amount of material removed per unit time will lead to a short circuit and break the 

electrode. The conducted experimental tests show that with the smallest cutting height (40 mm) and maximum 

discharge energy (about 5 mJ) it is possible to obtain the MRR equal to 115 mm2/min. 

 
Figure 5 Estimated response surface plot for material removal rate MRR 

3. CONCLUSION 

The experimental studies were focused on the analyses of the influence of WEDM parameters on the flatness 

deviation and material removal rate during machining of tool steel X165CRV12. Summarizing the results of 
the experimental investigation can be concluded: 

 The main process parameter influencing the flatness deviation after WEDM machining in the rough cut 

is discharge energy and workpiece heigh followed by wire tension. The source of shape errors during 

WEDM is the wire vibrations that are reflected in the workpiece. The largest flatness deviation (about 

0.05 mm) was obtained for the maximum: height of the cut material, the discharge energy and the lowest 

tension force of the wire. 

 The developed regression equations could be used in wire electrical discharge machining of tool steel 

X165CRV12 as a guideline for the selection of WEDM parameters.  
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Abstract 

Assessment of the surface of the car’s element is an attempt to applythe image processing and machine 

learning methods for analysis of surface layer quality. In presented experiment set of the images with damaged 

surface layer of vehicles were used to design and train CNN for detection of scratches. Proposed approach 

provides promising positive results, and proved that it is possible to performed automatic detection of damaged 

surface of the vehicle. This experiment shows that there is still a lot of fields of application the image recognition 

with machine learning methods.  

Keywords: Machine learning, object recognition, CNN, quality, surface layer, coating 

1. INTRODUCTION 

Machine learning methods are a part of artificial intelligence (AI) methods that are widely applied in numerus 

scientific fields, and became a part of everyday life by many commercial products, like internet browsers, 

algorithms analyzing our internet activity, due to for example specify the targeted advertisements in line with 

our interests [1]. Machine learning methods are applied in almost every branch of the science and business. It 

is dynamically developed in image recognition, partially due to application is security systems. On the base of 

machine learning methods there are numerous methods of face recognition. CNN - Convolutian Neural 

Networks is the term which is define as the information processing system, the mode of operation and structure 

of which are modelled on the work of the nervous system. From a biological point of view, we see the similarity 

in the neurons that make up the entire network. However, the difference here is the combination of neurons 

itself, which does not correspond to the actual neural structure. These networks have certain features that 

make them an excellent IT tool [3]. They enable solving problems without prior mathematical formalization. 

They also do not require the need to refer to theoretical assumptions related to the problem under 

consideration. Cause-and-effect relationships between input and output do not need to be enforced. The most 

important feature has become the network's ability to learn by using existing examples and generalizations. 

In this research the machine learning methods in detection of damage surface layer of car body were applied. 

Automation of detecting damage to vehicle bodies and their subsequent classification would be helpful in many 

areas related to the automotive industry. A vehicle component may be damaged at the stage of its construction. 

Often the production process reveals defects in the varnish coat or the materials from which the element was 

made. Frequently the discovery of this fact occurs at the last stage of production, when the vehicle is 

completely assembled. There is a risk of increased costs due to disassembly, repair or replacement of the 

element and its reassembly. It is also possible to reduce the quality of the product, because re-varnishing of 

an element is associated with a change in its structure and thickness, which can be easily detected by a 

potential customer. 
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The subject matter discussed in this article is particularly interesting for the automotive industry [4] and related 

fields [5], but it should also be useful in all those areas where image analysis and object detection are the basis 

for the assessment and diagnosis of, e.g. in intelligent building construction [6,7], quality assurance systems 

[8-10], as well as in the surface treatment of materials [11,12]. In the case of research, it is a methodology and 

tool supporting the observation and ensuring the objectivity of measurements, e.g. in biotechnology [13], 

material sciences [14] and tribology [15]. The obtained results are a great inspiration for the further 

development of image analysis algorithms [16] and methods of object detection [17,18]. 

2. METHODS 

The aim of the work was to show the use of machine learning and image recognition in the identification of 

damage to vehicle body parts. The algorithm was designed in Python with the use of the Tensorflow and Keras 

libraries. Tensorflow library enables the training of models that require large data resources. The TensorFlow 

architecture allows to perform calculations using one or more processors, as well as graphics cards located in 

the computer or server. Keras is the open source library for neural networks written in Python, designed to 

performed fast experiments. It contains implementations of commonly used building blocks such as layers, 

optimizers, targets, activation functions, as well as tools facilitating work with text and image data, thus 

simplifying the creation of neural network code. Mask R-CNN is a deep neural network that is to help solve the 

problem of image segmentation in machine learning and image recognition. It is able to separate several 

objects from one film or image. The operation of the mask is divided into two stages. The first of them generates 

potential regions in which the object can be located. The RPN network scans the path from bottom to top and 

then suggests regions that are likely to contain features. Then the objects are associated with the location in 

the image. In the second stage, a mask is generated with an object bounding box and the predicted class of 

the detected object. The network generates the object classes by scanning the areas. Both stages are 

connected by a backbone, which is a deep neural network of FPN. COCO - Common Object in Context is a 

ready-made dataset for object discovery, segmentation, and labelling. It is a JSON file with a specific structure. 

Thanks to it, the access to processed images with annotations specifying what is what is easy. Finally the 

Jupyter environment provided by Google Research that allows to create and run any code in Python via a 

browser were used. Jupyter is often used in the area of machine learning and data analysis. Technically, it is 

a Jupyter host service that does not require any prior configuration, and provides free work with GPUs, 

processors and TPUs. 

3. EXPERIMENTAL DATASET 

Despite the use of a network with the CNN architecture being pre-trained for object detection, it must be 

adapted to the design in order to minimize the location mismatch in the pixel space. 60 photos of damage to 

various vehicle components were used for training purposes and 10 for validation purposes (Figure 1). The 

greater the amount of input data, the better the network learning quality. However, this creates a big problem 

in the form of long-term preparation of photos before entering into the system. For this test he numbers of 

photos used is sufficient, because on their basis we can obtain satisfactory forecasts. 

Supervised learning was used in the project. The model of the R-CNN mask used in the project requires an 

annotation and an indication of the region where the potential damage is located. This was done using a 

graphics program that illustrates the edges of the marked regions with polygons (compare the Figure 2 and 

Figure 3). Then the obtained coordinate points were exported appropriately to a json file. It was possible to 

mark several regions in one photo. Similar results of detection are expected from the learned network. 
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Figure 1 Example set of test images used in the project 

  

Figure 2 An example image of damaged  

surface 

Figure 3 An example image of damaged  

surface with marked annotation 

4. CNN TRAINING 

The system is launched in Google Colab due to the high demand for computing power. The process on 

maladjusted computer hardware could take from several hours to even several days. Data for network training 

were introduced by a code fragment written for R-CNN mask, whose task is to load training images from the 

trainData folder and validation images from the valData folder with their annotations in json format. 

Then, the entered data is displayed together with the corresponding masks in order to verify the correct 

operation (Figure 4). 
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Figure 4 Example images and generated masks of damaged surface 

Bounding boxes are calculated from the coordinates of the masks and plotted on the entered images 

(Figure 5). 

 

Figure 5 Images with the added Boundig boxes covering detected damaged surface 

5. MODEL VALIDATION 

After the model training was carried out, it was necessary to perform a validation using previously prepared 

data in order to confirm the operation of the system in a manner consistent with the assumptions. For tests of 

the system, photos of a superficially damaged, black vehicle were used. The damaged part of this vehicle is 

the left rear fender and the adjacent fragment of the bumper. The result of detection for left rear fender 

(Figure 6) is presented on the (Figure 7), where detected area is marked by red colored bounding box. 
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Figure 6 Image of damaged fender Figure 7 Result of the detection 

The conducted research highlighted the imperfections in identifying damages usually caused by the influence 

of external factors hindering the entire process. One of the problems is interpreting dirt on the car body and its 

embossing as alleged damage. In order to avoid it, it would be necessary to introduce photos of dirt and 

creases to the model and to use the learning process with a critic who would negatively evaluate the situation. 

Another problem is that the car body is covered with water, which causes some of the scratches to be filled 

with it, giving a temporary illusion of their absence, and the space created by the reflection of light from water 

drops is interpreted as a detected damage. The paint color is also a problem for the model. The amount of 

data to be taught is not commensurate with the amount of colors available on the market, which may lead to 

distorting the results obtained. Test images were grabbed without any professional lightning, which would help 

to achieve the image without the shade effect, which also is a source of potential detection errors. 

6. CONCLUSIONS 

The aim of the work was to show the use of machine learning and image recognition in the identification of 

damage to vehicle body parts. The work shows the possibility of detecting damage in a photograph despite 

the use of a small amount of training data. However, the system faces many limitations. Improving the 

operation requires a lot of work, but it seems feasible. The motivation of this experiment was dictated by the 

increasing market demand for the introduction of artificial intelligence to various industries, which significantly 

facilitates and speeds up work by reducing time-consuming and repetitive activities carried out by people. 
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Abstract 

Laser treatment of metallic layers can significantly change the morphology of the surface. Due to the action of 

the laser beam, the surface roughness considerably increases. Moreover, laser can modify the shape of the 

samples to produce the extended surface of longitudal fins. The paper discusses the development of such 

metal heat exchangers as well as the effects of laser beam treatment on the surface characteristics. The test 

results of surface morphology were presented and discussed. The samples produced in the course of the 

experiments were used to test their performance for boiling heat transfer of two working agents (distilled water 

and ethyl alcohol under ambient pressure). The test results indicated a significant improvement in heat flux in 

relation to the unmodified surface (without laser treatment). The laser treatment method proved to provide 

considerable advantage over the unmodified surface.     

Keywords: Laser treatment, heat exchanger performance 

1. INTRODUCTION 

Laser treatment technology offers significant possibilities for shaping the surface geometry and morphology. 

The application of laser in modern engineering systems enables to produce various elements of improved 

properties including anti-wear coatings, coverings of increased resistance as well as enhanced heat transfer 

performance, which is considered in the present paper due to the significant possibilities for practical 

applications.   

Kruse et al. [1] tested water boiling heat transfer on heaters that were modified with a femtosecond laser. The 

generated coatings were made of microstructures surrounded by dense layers of nanoparticles. The 

roughness of such samples amounted to 1.4 - 7.8 �m. It was reported that the maximal value of heat transfer 

coefficient was almost three times bigger in comparison to the polished sample. Ho et al. [2] analysed boiling 

of FC-72 on surfaces produced with laser from AlSi10Mg base powder with micro-cavities separated by 

grooves. The diameters of the cavity mouths were 500 and 700 �m. The applied method of selective laser 

melting also made it possible to generate micro-fin samples. The authors observed up to 70 % increase in 

heat transfer coefficient for the treated samples. Zakšek et al. [3] focused their experiments on 25-μm-thick 

stainless steel foils treated with pulsed fiber laser, on which boiling took place. The laser beam generated 

textured lines of the width from 0.5 to 2.5 mm. The value of the heat transfer coefficient was even 2.8 times in 

relation to the the smooth. Zupančič et al. [4] tested boiling on stainless steel foils, which were modified by 

laser texturing method with the use of a nanosecond laser. The lines generated on the specimens were within 

the distance of 10 to 200 �m from each other. It was found out that the laser treatment provided considerable 

increase (up to 110 %) of the heat transfer coefficients. The experimental analysis of heat transfer performance 

of polydimethylsiloxane-silica laser modified coatings has been provided in [5]. The laser beam produced 

square patterns of the spot size up to 2 mm2. The biggest heat fluxes were dissipated from the specimen 
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whose spot size was the smallest. Može et al. [6] used laser texturing with a nanosecond fiber laser (one made 

in air and the other in argon atmosphere) to produce the samples. The enhancement of the heat transfer 

coefficient reached over 115 % in relation to the smooth (untreated) surface. Karthikeyan et al. [7] focused 

their experiments on a combined impact of laser treatment of surfaces and the use of nanofluids. A 

femtosecond laser micromachining was applied to generated periodic nanoscale and dual scale roughness of 

the surface. As a result of such dual enhancement it was possible to obtain almost 60 % boiling heat transfer 

improvement. Nirgude and Sahu [8] presented a study of boiling on copper heaters modified with a 

nanosecond laser. The generated specimens used in the experiments had longitudal grooves and surface 

roughness of about 0.24 - 0.29 �m. The value of the heat transfer coefficient of the produced samples was 

maximally 1.8 times larger with reference to the unmodified surface.  

Apart from laser treatment of heaters, other boiling heat transfer augmentation techniques and methods are 

used (as discussed for example in [9,10]). However, due to the significant ease of surface morphology 

modification and the considerable possibilities offered by the laser treatment in view of heat flux improvement, 

this technique will be considered in the present study. 

The obtained results are directly in the area of interest of the energy industry [11], but may also be useful in 

the case of other issues, including corrosion protection [12,13], fracture toughness improvement [14,15], 

overall quality improvement of final products [16-18] and thus reduction of associated risks [19]. This may be 

of particular interest for military applications [20]. The results are also very useful for research practice, 

including in the field of modification of existing [21,22] and production of new materials [23,24], improvement 

of corrosion resistance [25], including biotechnological apparatus [26] and introducing favorable changes in 

mechanical properties [27,28], including acoustic [29,30] and fatigue [31]. 

2. LASER TREATMENT OF HEATERS - SURFACE CHARACTERISTICS 

The study involves the modification of the copper surfaces with laser. This process was conducted with the 

SPI G3.1 SP20P pulsed fiber laser. The production of the samples required the use of impulse frequency of 

60 kHz, pulse duration of 60 ns and scanning velocity of 200 mm·s-1. The power value was 20 W. As result of 

this production procedure, the longitudal grooves have been generated on the samples, as presented below 

in (Figure 1). 

 

Figure 1 Copper samples produced with laser and used in the experiments: A (on the left), B (on the right) 

Sample A had the groove depth of 0.55 mm and groove width of 1.15, while sample B: groove depth 0.25 mm 

and its width 0.60 mm. The diameter of the specimens was the same and amounted to 3 cm, while their height 

3 mm. The laser beam applied on pure copper substrates produced changes both in macroscale (grooves) 

and in microscale (surface roughness). The generated grooves are highly regular as seen in (Figure 2) due 

to the fact that the metal material evaporated in the area of the laser spot movement. A characteristic feature 

is the edge at the entrance to the groove (clearly visible on the left side). 

The microstructure made with the laser is characterized by increased roughness, which - in the case of boiling 

(and condensation) heat transfer enhancement - is considered as a highly favorable feature. The analysis of 

the surface at the bottom of the groove of sample A indicates that its surface roughness is 7.81 �m (with the 

standard deviation 1.75 �m, minimal and maximal values: 3.04 �m and 13.37 �m, respectively). That is over 
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ten times the value the untreated sample. A selected spot of the laser modified surface has been presented in 

(Figure 3). 

 

Figure 2 3D image in pseudo color of sample B from an optical microscope, magnification 140x 

 

Figure 3 Surface morphology of the bottom of the groove (selected spot) 

The irregularity of the surface in the microscale is further visualized in the profile of the selected line (Figure 4), 

where the changes of the peaks and valleys can be easily noticed. Their character seems to be random with 

significant changes in the up and down direction.  

 

Figure 4 Profile of the selected line 

3. BOILING HEAT TRANSFER TESTS 

The experiments have been performed under ambient pressure for boiling of distilled water and high purity 

ethanol. The samples were located horizontally and attached to the heater by soldering. They were heated 

from below with an electric heater with the power changed at given steps to generate up to 5 experimental 

points for each specimen. The obtained dependence of heat transfer coefficient for the two boiling agents have 

been presented below in (Figure 5). The values of the heat transfer coefficient (and, consequently, heat fluxes) 

for both water and ethanol rise quickly with rising surface temperature over the saturation temperature (this 

difference is defined as superheat and denoted ), however when a certain value is achieved (this value is 

lower in the case of ethanol) that increase becomes smaller and might diminish. This phenomenon is more 
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clearly visible for boiling of ethyl alcohol, but it might also be anticipated for higher superheats in the case of 

distilled water (above 7 K). The values obtained for water and typically higher than for ethyl alcohol. It might 

be explained by the thermal properties of water (especially the value of heat of vaporization and thermal 

conductivity), but also a higher bubble departure diameters than in the case of pure ethanol. It might also be 

noticed from the figure that boiling was initiated at smaller superheats (below 2.7 K) in the case of ethanol, 

which can also be linked with the bubble diameters and the geometric dimensions of the cavities generated 

with the laser beam, where these bubbles can grow. 

 

Figure 5 Heat transfer coefficient for the laser treated surface (sample A) 

The study of heat transfer of laser modified surfaces have also indicated a significant improvement over the 

case, when such modification has not been applied. The heat flux (and heat transfer coefficient) transferred 

from the modified sample has been almost eight times larger than for the smooth surface - as shown in 

(Figure 6) (where the ratio of heat flux from the laser modified specimen to the heat flux from the smooth 

surface has been presented as the enhancement ratio in the range of superheat values between 7 K and 

10 K).  

 

Figure 6 Enhancement ratio for water (sample B)  

As can be seen in the figure above, the enhancement ratio decreases with rising superheat values, however 

it is still much bigger in relation to the untreated smooth surface (about four times larger for the temperature 

difference of ca. 10 K). The enhancement has been undoubtedly caused by increased roughness of the surface 
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and the presence of cavities - favorable locations where vapor bubbles can be grown. This phenomenon is 

commonly considered as one of the reasons for elevated heat fluxes in phase change processes. It should 

also be noted that the rate at which the enhancement ratio falls is considerable. It might be linked with the 

activation of new nucleation sites (places on the surface where vapor bubbles are created) on the smooth 

surface, which - in the case of the current experiment - was characterized by some roughness (though much 

smaller than for the laser treated specimens). 

From the practical point of view, the application of laser modified heat exchangers for phase - change heat 

transfer processes can result in more heat being exchanged at the same temperature differences or the heat 

flux can be maintained at the same level as for the smooth heat exchanging elements, but the laser treated 

heat exchangers can be produced smaller and lighter. Thus, the machines in which they are installed might 

be more compact and consume less fuel due to reduced weight (if they are located on transport means).  

3. CONCLUSION 

The laser treatment of surfaces used as heat exchangers considerably changes the surface morphology - both 

in the macro- and microscale. It is a highly effective way of producing increased roughness. This provides 

additional locations where bubbles can be created during boiling. As a consequence, heat transfer coefficients 

and heat fluxes exchanged during this phenomenon increase and the whole process is enhanced. The 

advantages of using laser treatment for this types of metal heat exchangers are quite straightforward and 

should ensure that more and more devices used for example in refrigeration or heat pump systems might be 

developed with the use of laser for their improved efficiency and high reliability. 
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Abstract   

A characteristic feature of the beam technologies is that the treatment of materials occurs as a result of the 

impact of the concentrated energy flux. By controlling the energy flux, the selected areas of the surface can 

undergo the treatment process. The diameter of the energy beam varies from a fraction of nanometers to 

several tens of centimeters. It depends on the basic physical phenomenon occurring in a given technology. 

The smallest field of impact is typical of the methods which use a stream of electrons or a laser beam. The 

energy streams, occurring here, are focused and controlled by optical or magnetic lens systems or mirrors, 

while the size of the spot in the focal point depends only on the wavelength of the electron or laser radiation. 

There are many methods for producing surface coatings, such as electroplating and plasma spraying. The use 

of laser treatment to improve the properties of electro-spark coatings is very interesting. The main objective of 

the present work is to determine the effects of laser treatment on properties of WC-Co coatings electro-spark 

deposited (ESD) on steel substrates. The microstructure and properties of laser treated/melted coatings were 

evaluated by means of: scanning electron (SEM) microscopy, X-ray diffraction (XRD), surface roughness 

measurements, hardness and corrosion resistance tests. The obtained experimental data show that the laser-

treated ESD WC-Co coatings are characterised by lower hardness, higher resistance to seizure and 

roughness, and better adhesion to the substrate. The laser treatment homogenizes the chemical composition, 

refines the microstructure and heals microcracks and pores of ESD coatings. The laser treated ESD WC-Co 

coatings can be used in sliding friction pairs and as protective layers. 

Keywords: Electro-spark coatings, laser treatment, properties 

1. INTRODUCTION 

Sintered carbides are cermets composed of 70 - 96 % of refractory metal carbides (such as tungsten, niobium, 

tantalum) as well as the binding matrix. This matrix is typically made of cobalt, more rarely of molybdenum, 

nickel, or even iron. Cemented carbides are currently very commonly used as a material for the production of 

cutting blades, mostly in milling and turning devices [1]. We can divide sintered carbides into individual grades 

depending on their chemical composition or the size of WC particles. WC-Co carbides are divided according 

to the WC particle size into the groups listed below [2]: 

 coarse-grained (mean diameter of 3 ÷ 30 µm), 

 standard (mean diameter of 1.5 ÷ 3 µm), 

 fine-grained (mean diameter of 0.5 ÷ 1.5 µm), 

 ultra-fine grained (mean diameter below 0.5 µm). 
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The application of ceramic tool materials in comparison to sintered carbides is small, but still shows a dynamic 

growth. According to estimates, about five percent of cutting tool blades are manufactured of this group of 

materials. The most popular materials for the production of ceramic tool materials are: 

 single-phase aluminum oxide Al2O3, 

 silicon nitride Si3N4, 

 multi-phase mixtures of Al2O3 and Si3N4 with hard carbides, oxides as well as nitrides. 

The possibility of producing anti-wear carbide-ceramic coatings using electro-spark deposition with electrodes 

made by powder metallurgy methods is quite interesting [3-7]. Super-hard coatings may be applied onto the 

cutting edges of tools, e.g. turning knives, cutters, chisels and taps. It is assumed that the above-mentioned 

coatings could be successfully used on machine elements which operate in extreme conditions, such as 

intense abrasive wear, impact loads. An additional advantage encouraging the use of super-hard electro-spark 

deposited coatings is the ecological aspect. Electro-spark deposition is characterized by the lack of any harmful 

impact on the environment. In as-deposited condition the ESD coatings usually have flows which can be easily 

eliminated by laser beam processing (LBP), wherein a laser beam is used for pore/crack sealing and surface 

polishing as well as for homogenizing the chemical composition of the coating [8, 9]. Additionally, the laser-

treatment aids the coating's adhesion to the substrate, wear and seizure properties, resistance to corrosion, 

and fatigue strength due to formation of compressive stress in the sub-surface layer. The work discusses the 

properties of electro-spark deposited WC-Co coatings subjected to laser treatment. The properties were 

established basing on the results of a microstructure analysis, corrosion resistance tests, roughness and 

hardness measurements. The methodology and results shown in this article by modifying the surface layer 

[10,11] may be useful for many industries, including corrosion protection in construction [12] and the production 

of agricultural machinery [13,14], strength improvement in railways [15-17], quality improvement in the 

automotive industry [18-20], metallurgy [21] and general production organization [22,23]. The results may have 

a particularly strong impact in the research area, including material [24-26], coating [27] and corrosive [28], but 

also mechanical [29,30]. Finally, the importance of such research for the purposes of military technology should 

not be forgotten [31]. 

2. MATERIALS AND TREATMENT PARAMETERS 

WC-Co coatings were manufactured by the ESD method. Cylindrical electrodes, 5 mm in diameter and 20 mm 

high (Figure 1), were used to deposit coatings on C45 plain carbon steel.  

                                    

            Figure 1 WC-Co electrode (mag. 12.5x)                       Figure 2 Scheme of the device for PPS 

Electrodes containing 95 wt.% WC (OMG; FSSS=0.2 µm) and 5 wt.% Co (Umicore; FSSS=0.4 µm), were 

produced by means of pulse-plasma sintering (PPS), by holding the powder mix for 5 minutes at 1100⁰C and 

under a pressure of 50 MPa. PPS uses high-current pulses generated through continual discharging a 
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capacitor battery of 300 μF, thereby inducing several tens of kA current which flows through the consolidated 

powder within each millisecond pulse. Figure 2 shows a schematic of a pulse-plasma sintering device. The 

coatings were deposited in argon by means of an EIL-8A pulse generator with manual electrode displacement. 

Following the manufacturer’s guidelines and using prior experience, the voltage, capacitor volume, current 

intensity and deposition time were set to 230 V, 300 �F, 2.2 A and 2 min/cm2, respectively. 

The coatings were subsequently subjected to LBP at the Centre for Laser Technology of Metals, University of 

Technology, Kielce. The Basel Lasertechnik BLS 720 Nd:YAG laser generated a beam having 0.7 mm spot 

diameter and 20 W power was operated in the pulse mode. The laser treatment conditions were: pulse duration 

time: 0.4 ms, pulse repetition frequency: 50 Hz, beam shift jump: 0.4 mm, nozzle-workpiece distance: 1 mm, 

specimen movement rate: 250 mm/min. 

3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

3.1. Microstructure analysis 

The microstructure of the WC-Co coatings was observed using a scanning electron microscope (SEM) in both 

as-deposited and laser-treated condition. A typical microstructure of the WC-Co coating is illustrated in 

(Figure 3). From the SEM analysis it is evident that the as-deposited coating is porous and have a thickness 

of between 30 and 40 �m. The heat affected zone (HAZ) within the substrate ranges from 15 to 20 �m beneath 

the clearly seen coating-substrate interface. As seen in (Figure 4) the laser-modified outer layer is free from 

microcracks and porosity The coating is 40-50 �m thick and perfectly adhere to the substrate, wherein the 

carbon-enriched HAZ extends from 30 down to 40 �m beneath the coating. The Philips PW 1830 X-ray 

diffractometer with CuK radiation was used for phase identification. The analysis of the phase composition 

of the WC-Co coating revealed that the surface layer of the coating consisted mainly of WC and W2C before 

and after the laser treatment. The laser treatment renders the WC-Co coating to melt together with part of the 

substrate, resulting in formation of complex M6C carbides, primarily Fe3W3C. 

                                       

Figure 3 As-deposited microstructure  

of WC-Co coating 
Figure 4 Microstructure of WC-Co coating 

after laser treatment 

3.2. Roughness measurements 

The roughness of WC-Co coatings was measured in two perpendicular directions. The first measurement was 

made according to the movement of the electrode, while the second measurement was perpendicular to the 

scanning stitches. The average value of the Ra parameter for a given coating was calculated from the two 

measurements. Measurements of WC-Co coatings treated with laser were made in perpendicular and parallel 

direction to the axis of the paths made with laser beam, and then the mean value of roughness for the given 

coating was calculated. In most of the works, the results of roughness measurements are given for profiles 

measured along the axis of the tracks obtained by laser, which does not reflect the actual picture of the surface 

microgeometry after this treatment, because the maximum height of irregularities occur in the direction 
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perpendicular to the axis of the tracks. WC-Co coatings were characterized by the value of the parameter  

Ra = 1.35-2.01 �m, while after laser beam machining the arithmetic mean value of the profile ordinates was 

from 3.15-4.46 �m. Samples made of C45 steel to which coatings were applied were characterized by the 

value of the parameter Ra = 0.360.40 �m. Examples of measurement profiles of microgeometry parameters 

of the tested samples are presented in (Figure 5). 

On the basis of the measurements carried out, it can be concluded that LBP increases the roughness of WC-

Co coatings. The higher roughness of WC-Co coatings after laser treatment is the result of the movement of 

liquid metal caused by surface tension forces. The heterogeneous temperature distribution in the laser beam 

(mod TEM00) causes that the surface profile after clotting is also heterogeneous and in a sense reflects the 

energy distribution in the melt area. 

    
Figure 5 Example of roughness profile of WC-Co coating: a) before laser treatment, b) After laser treatment 

3.3. Microhardness testing 

The Vickers microhardness tests were carried out on polished cross-sections at three different locations, i.e. 

in the coating, in the heat affected zone (HAZ) located close to the coating, and in the substrate. An uncoated 

C45 steel substrate was also tested. The obtained results are presented in (Table 1). The results indicate 

minor decrease in microhardness of both the coating and HAZ after laser treatment, whereas the steel 

substrate remains unaffected. The slight decrease in the coating microhardness due to the laser treatment 

may potentially improve its elastic properties, thereby aiding field application behaviour under heavy-duty 

conditions, e.g. in rock and earth drilling, pressure moulding of ceramics, etc. 

Table 1 Results of Vickers microhardness test 

Coating condition 
HV0.4 † 

Coating HAZ Substrate 

As-deposited 1284 ± 56 419 ± 26 143 ± 4 

Laser treated 1148 ± 49 403 ± 34 141 ± 5 
†scatter intervals estimated at 90 % confidence level 

3.4. Corrosion resistance tests 

Specimens with a 10 mm diameter separated area were polarized to 500 mV. In order to establish the corrosion 

potential the polarization curves were acquired 24 hours after exposure to the test solution (0.5M NaCl). All 

tests were carried out at 211C. The corrosion resistance results are shown in (Figure 6).  

The observed differences in potentials (between stationary and corrosive potentials) may have resulted from 

the fact that during slow changes of the potential during testing (0.2 mV/s), it was possible to form hydroxides 

on the tested surface, which alkalize (in the immediate vicinity of the sample) the environment and thus change 
the potential of steel (it is assumed that a change in pH by a unit changes the corrosive potential by 50 mV). 

Moreover, the cathode processes are under diffusional oxygen reduction control and therefore the slope angles 

of the cathode curves of the tested samples have such high values. 
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Figure 6 Polarization curves of WC-Co coatings in as-deposited and laser treated condition 

Table 2 The values of current density and corrosion potential of the tested samples 

Material 
Corrosion potential 

(mV) 
Corrosion current density 

(µA/cm2) 

C45 -630 15.9 

C45+laser -605 14.4 

WC-Co -595 11.6 

WC-Co+laser -585 9.2 

4. CONCLUSION 

The conclusions are as followings: 

 The surface of C45 carbon steel can be modified by means of electro-spark deposition using WC-Co 

electrodes. 

 A concentrated laser beam can be effective in modifying the state of the outer layer of electro-spark 
coatings and thus can modify their functional properties.  

 The laser treatment refines the microstructure of ESD WC-Co coatings partially eliminates porosity and 

microcracks. 

 Laser treatment of ESD WC-Cu coatings decreases their microhardness (by 6 %).  

 Laser radiation causes an improvement in the functional properties of the electro-spark deposited WC-
Cu coating, i.e. they exhibit higher resistance to corrosion (by 26 %). 

 Laser treatment increases roughness of the ESD WC-Co coatings (more than twice). 

 Coatings of that type can be applied to sliding friction pairs and can operate as protective coatings. 

 Further experimental studies ought to focus on testing the resistance to abrasive and erosive wear of 

ESD coatings before and after laser treatment.  
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Abstract  

The article deals with tribological evaluation of surface properties and their changes in biodegradable material 

PLA (polylactic acid). On samples prepared using 3D FFF printing technology, with uneven filling density, 

printed on the Prusa printer. The surface texture of the samples was evaluated in terms of microgeometry, 

which was created by the process of 3D printing. The TalySurf CLI1000 was used to evaluate the texture. The 

surface texture was measured with an inductive touch sensor. Subsequently, the samples surfaces were 

cyclically stressed with a defined load always on the same path. Cyclic surface loading was performed and 

measured by a UMT Bruker tribometer. During the cyclic reciprocating motion, the tribological properties of the 

surface, especially the coefficient of friction, were studied. The values of applied loads were constant. Traces 

obtained during tribological testing were documented on an Olympus DSX 100 optical microscope. Trace 

parameters were verified by profilometric analysis on a TalySurf CLI1000. The values obtained, in particular 

the track widths, can be used to determine the wear coefficient.  

Keywords: PLA, 3D printing, coefficient of friction 

1. INTRODUCTION 

At present, additive technologies are increasingly used for the production of machine parts. These technologies 

allow the production of components with or without the use of conventional technologies, i.e. like a post 

processing. One of the intended additive technologies is the technology of component production using 3D 

printing. This technology has a wide application of the use of machine parts, e.g. in safety areas. This 

technology is very variable. Both in terms of materials and in terms of the final shape or dimensions of the 

finished parts - see [1-5]. In the environment of the defense industry or military technologies [6,7], these 

technologies find their significant application, as stated, for example, by the authors Kim, Ahn [8] within NATO 

armies, or Yang, et al. [9]. 

However, it is necessary to know the machine part made by 3D printing technology before using it. Know its 

limits, i.e. the limits beyond which it is no longer possible to go in terms of the safety of the whole structure. 

These boundaries can be both strength and structural. These can be the limits of the resistance of the material, 

its surface, temperature resistance, etc.  

This article deals with selected parameters, which then together describe the resistance of the selected PLA 

material. The PLA material is a biodegradable material, it is polylactic acid. For the needs of the experiment, 

samples were printed at the workplace of the Department of Mechanical Engineering of the University of 

Defense. FFF technology was used to print the samples on a 3D printer from the Prusacompany. The PLA 

material was chosen for its possible applications in the defense and security industry or in military technology. 

After printing the samples, the surface texture was evaluated. The evaluation was performed with respect to 

microgeometry, which is characteristic of surfaces created by the 3D printing process. Surface texture 

evaluation was performed with a TalySurf CLI1000. After documentation of the surface, cyclic loading with a 

Bruker UMT-3 tribometer performed tribological experiments. The Ball on Flat method performed testing.  
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The tests of tribological properties make it possible to investigate changes in a number of quantities and 

parameters in the tribological system. The tribological system includes an indentor fitted with a ball or tip and 

an examined surface, i.e. a sample. The system also includes an environment with a defined temperature and 

humidity and, last but not least, a machine - a tribometer, which controls the entire system. From the point of 

view of objective comparison of measurement results, the implementation of tribological tests should be 

performed in laboratory conditions. From the point of view of evaluation of tribological properties, friction 

processes were studied.  

In general, it can be stated for the coefficient of friction that its value is influenced by the condition of the sample 

surface, its roughness and the condition of the indenter surface. When overcoming the roughness, the load in 

the contact surface of the sample and the indenter changes. On the value of the coefficient of friction also 

affects the measuring time, temperature, distance that must be overcome indenter and other influences. For 

these reasons, it is appropriate to measure in laboratory conditions, where a number of parameters can be 

set, controlled, checked and the results of different measurements can then be compared with each other.  

For the PLA material, a decrease in mechanical properties depending on increasing temperature is known and 

published [10]. This decrease in mechanical properties is probably associated with a local increase in 

temperature at the point of contact between the pin and the sample area. In order to obtain valid information 

on the dependence of temperature on the surface resistance of the sample, the temperature was measured in 

real time during the experiment. The FLIR T610 thermal camera was used to measure the temperature. 

2. MATERIAL AND SAMPLE PREPARATION 

The experimental material chosen for measuring the coefficient of friction was a 3D printed PLA polymer using 

FFF printing technology by a Prusa printer. It is a Czech 3D printer manufactured by Prusa Research. Among 

other things, this printer allows to set different levels of filling of internal structures [11, 12]. The samples were 

printed in the form of blocks (30 x 30) mm and 6 mm thick. 70 % of internal filling was used for the measured 

blocks, surface 100 % of filling. We use 70 % of the inner filling as a standard for mutual comparison [13]. The 

amount of filling can of course be changed. 

The PLA is the most commonly used filament. It is easy to print from PLA material, has a low cost, is 

biodegradable and has good strength and durability. It has low thermal expansion, so it is also suitable for 

static structures. It has a low melting point, 175 °C. It is also possible to print detailed structures. It was proven 

to use a nozzle temperature of 210 °C during printing. Due to uniform cooling and reduction of deformation 

problems, it is advisable to use a heated pad with a temperature of 50 °C. Disadvantages include low 

resistance to external influences. It loses its thermal mechanical resistance even at 55 °C. Due to its low UV 

resistance, it is unsuitable for outdoor use. Wet grinding to prevent melting due to friction and subsequent 

deformation of the surfaces usually performs the surface treatment of the material after printing.  

Table 1 Properties of PTFE balls during the experiment 

Quantity Standard Value Unit 

Density ISO 1183 2180 kg⋅m-3 

Tensile strength DIN EN ISO 527-1 22-25 N⋅mm-2 

Ductility DIN EN ISO 527-1 >220 % 

Shore hardness ASTM D 2240 55-59 (D) 

Melting point DIN 53736 327 °C 

The counterpart for the Ball on Flat friction test was a ball made of PTFE with 6.35 mm diameter. The material 

with the trade name Teflon is known for its sliding properties and has a wide application beyond the machine 

area. This material is stable in the temperature range from -170 to 260 °C. A PTFE balls are chemically stable 
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and can be used in extreme conditions. They are often used in bearings and check valves, or as electrical 

insulators. Table 1 lists its selected properties. 

Samples obtained by 3D printing technology were evaluated for surface microgeometry on a TalySurf CLI1000 

device. The surface texture was measured with an inductive touch sensor [14]. The measurement took place 

on an area of (2 x 2) mm. A 3D model of the surface of the test specimen - see Figure 1.  

 

Figure 1 3D model of the sample surface made of PLA material 

By measuring the surface of the inductive touch sensor it has been found that the path of the print material is 

periodically repeated with a step of about 0.4 mm. The average surface roughness of the surface was 

Sa = 3.81 μm. The maximum amplitude of the range of the measured area was 32.1 μm. 

3. EXPERIMENT 

The experiment was based on the Ball on Flat test on a UMT Bruker tribometer. The aim was to measure the 

coefficient of friction (COF). A defined load on a constant distance of 10 mm cyclically stressed the surface of 

the samples. The duration of the tests was constant 120 seconds. During the cyclic reciprocating motion, the 

tribological properties of the surface, primarily COF, and further visible surface changes were studied.  

Secondarily it has been documented thermal stress of the specimen surface by thermal camera FLIR T610 -

see Figure 2. The thermal camera FLIR T640 records the temperature measurement of the sample surface 

[15]. Increased heat fundamentally affects the resulting wear, especially for PLA-type material, which is one of 

the 3D printable materials most susceptible to temperature-dependent softening. The values of applied loads 

(Normal forces) were 7 N, 20 N, 40 N, 60 N and 100 N. The frequency was constant, 5 Hz in all tests. Traces 

obtained during tribological testing were documented and measured on an Olympus DSX 100 optical 

microscope.  

A PTFE ball was used as a pin for the friction pair sample. The reason was the expected suitable sliding 

properties and the expected low coefficient of friction between the PLA material and the ball made of PTFE.  

The aim of the experiment was to determine the real values of friction between the two materials. Friction, as 

a tribological process, can be characterized as the loss of mechanical energy during the relative movement of 

two surfaces that are in contact. During friction, a number of changes occur, in particular the mechanical energy 

changes into thermal energy, subsequently the tribological characteristics of the functional surfaces 

deteriorate. The result is the wear. The basic parameter of the contact pair property is the COF [16]. This COF, 

denoted µ, is a dimensionless quantity and expresses the ratio between the friction force Ft and the normal 

force FN. The normal force is applied directly to the surface of the sample.  
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��                (1)  

According to the method of mutual movement of the functional surfaces, the coefficient of friction can be divided 

into the coefficient of sliding or shear friction and the coefficient of rolling friction. It is necessary to realize the 

fact that the friction force is negatively oriented towards the movement and its absolute value is less than the 

force necessary to set the body in motion.  

The Ball on Flat method is utilized to measure the coefficient of friction [17,18]. The principle of measurement 

with the Ball on Flat method is to push the indenter, the ball into the test specimen by force. This force can be 

constant, increasing linearly [19], or it can vary according to the requirements of the experiment [20]. For the 

purposes of the experiment, a constant force was chosen. The test specimen moved in a straight line during 

the experiment. The test was performed dry, as we usually use in the case of steels [21,22]. 

  

Figure 2a Experimental design, UMT Bruker 

tribometer and thermal camera FLIR T610 on a 

tripod 

Figure 2b Example of measuring heat at the point 

of friction during the experiment, normal force 20 N 

4. RESULTS AND DISCUSSION 

The data obtained during the experimental work were used to evaluate the COF and compare them. In addition 

to COF values, attention was also focused on the surface condition of the PLA material sample. On the other 

hand, attention was focused on the condition of the balls and surfaces, which were ground during the test. The 

surface condition of the samples and balls was documented on an Olympus DSX 100 optical microscope. The 

sample material showed small signs of damage. An example of wear, at a relatively high load of 60 N of normal 

force, is shown in Figure 3. Only at a load of 100 N (normal force) was the wear of the surface more significantly 

observable.  

 

Figure 3 Example of a trace on a PLA sample, PTFE ball, normal force 60 N 

On the other hand, the canopy of the ball was ground at all applied loads during the experiments performed. 

The wear of the PTFE ball is documented in the matrix of figures, Figures 4 a) to e). The degree of wear of 

the individual balls is shown in Table 2. This value of wear increases in proportion to the increasing load of 
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normal force applied to the indenter with the ball. The increase in wear is nearly linear with the value of reliability 

R2 = 0.9662 as shown the graph in Figure 5. 

Table 2 The resulting parameters of tribological tests 

Normal force (N) 7 20 40 60 100 

Wear diameter of the balls (mm) 1.14 1.57 2.07 2.39 2.95 

Coefficient of friction (COF) µ 0.0816 ± 
0.01212 

0.0659 ± 
0.00555 

0.0451 ± 
0.00649 

0.0346 ± 
0.00613 

0.0267 ± 
0.00545 

By measuring COF by the Ball on Flat method, the results with standard deviations shown in Table 2 were 

obtained. These are only the mean values from the measurement time of 120 s. The change in COF and its 

alignment after approximately 20 s of test is evident from the graph in Figure 5. For a friction pair of a sample 

made of PLA and PTFE indenter in the shape of a ball with a diameter of 6.35 mm, a decrease in COF value 

as a function of load (normal) force is evident. At a load of 7 N after approximately 100 s of test, an unexpected 

gradient change in COF occurred. 

     
a) FN = 7 N b) FN =  20 N c) FN = 40 N d) FN =60 N e) FN =100 N 

Figure 4 Wear of PTFE balls at specified normal forces 

The temperature did not exceed 55 °C during the test. Thus, the surface of the PLA sample did not melt. The 

decrease of COF values depending on the magnitude of the normal force has an exponential course with the 

reliability value R2 = 0.9453 as the graph in Figure 5 shows.   

 

Figure 5 Comparison of dependencies Wear diameter of the balls and COF 
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Figure 6 Comparison of COF dependences during the experiment 

5. CONCLUSION 

The article evaluated the PLA material, from which experimental samples were made for the tribological test. 

The test method was Ball on Flat. A 6.35 mm diameter PTFE ball was used in the indenter. During the test, 

tribological characteristics were measured and subsequently evaluated. The output was a graph of coefficients 

of friction versus time. A thermal camera monitored the place of contact of the two experimental subjects, i.e. 

the sample and the ball. The principle of the measurement was to check the maximum temperature reached. 

PLA material changes mechanical properties when the temperature reaches 55-60 °C.  

The measurement of the coefficient of friction took place at levels of normal load (7, 20, 40, 60 and 100) N. 

The test time was constant 120 s. Reciprocal movement of the sample took place on a path of 10 mm with a 

frequency of 5 Hz.  

From a tribological point of view, the friction pair PLA and PTFE is also advantageous with regard to high loads 

reaching 100 N. At this value of the normal load, the coefficient of friction reached the lowest values. There 

was no heating of the material, which would be at the limit or exceed the limit of the applicability of the PLA 

material in technical practice. 

Another output of tribological tests was to determine the dependence of ball wear. The dependence of the 

wear area on the increasing load was almost linear with a reliability value of R2 = 0.9662. On the other hand, 

the dependence of the values of the coefficient of friction on the magnitude of the normal force had an 

exponential course with the reliability value R2 = 0.9453.  

The obtained values of the coefficient of friction, the temperature generated during mutual contact or 

subsequently also measuring in particular the width of the tracks or the extracted material of the sample are 

further usable both for determining the wear coefficient on the one hand or comparing combinations of friction 

materials on the other hand. The reason is the effort to achieve low wear, while maintaining the required 

properties of the materials used in technical practice. The calculation of the wear coefficient from the wear 

values of the tracks after the Ball on Flat test can be a further continuation of the experimental investigation of 

the material used in 3D printing. 
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Abstract 

Aluminum-silicon alloys are important materials in foundry to produce light components to be used in the 

automotive industry for weight saving, reduction of carbon emission from vehicles and air pollution. The 

mechanical properties of these alloys are strictly related to the final microstructure that can be improved by 

grain refinement. However, the addition of specific grain refiners can promote the formation of Fe-rich 

compounds with platelet morphology, which can significantly affect the ductility of the alloy. In the present 

research, the effect of AlNb3.5B0.4 grain refiner on the formation of Fe-rich intermetallics in a secondary 

AlSi7Mg alloy was investigated. Metallographic and image analysis techniques were used to quantitatively 

investigate the microstructural variations occurring with the addition of grain-refining agent at different cooling 

rates. The results show that the α-Fe compounds are the dominant Fe-rich phase in the secondary AlSi7Mg 

alloy. On the other side, the addition of AlNb3.5B0.4 grain refiner promotes the precipitation of β-Fe platelets 

at the expense of Chinese script α-Fe particles. This mechanism is even more evident at higher cooling rates. 

The AlNb3.5B0.4 grain refinement significantly affects the number density of β-Fe compounds but it does not 

influence their dimensions. The size of β-Fe particles appears to be sensitive to the change of the cooling rate; 

higher cooling rate refines the microstructural scale as well as the Fe-rich platelets. The addition of 

AlNb3.5B0.4 produces a fine and uniform grain structure throughout the alloy and this effect is more 

pronounced in the slowly solidified material. Increasing the cooling rate, lower amounts of grain refiner are 

needed to produce a uniform grain size throughout the casting. 

Keywords: Aluminum alloy, Fe-rich intermetallic, niobium, boron, microstructure 

1. INTRODUCTION 

After solidification of Al-Si alloys, coarse and columnar grain structure is usually observed unless the melt 

solidifies with a high cooling rate. Coarse grains may result in many types of defects, reduction of yield strength 

and ductility. Fine and equiaxed grain structure can be produced by the addition of a number of elements, such 

as Ti, B, Zr, Nb into the melt. The addition of the grain refiner increases the number of heterogeneous 

nucleation sites in the molten metal; these are usually aluminides or borides formed by peritectic reaction, and 

the nucleation density is thus increased during the solidification resulting in grain refined microstructure. It is 

reported that fine and equiaxed grain structure guarantees better surface finish, advanced mechanical 

properties, finer microporosity, better dispersion of secondary phases, improved feeding and fluidity [1]. 

In the current foundry practice, chemical grain refinement is commonly accomplished by the introduction of 

master alloys into the molten bath. Grain refiners usually contain Ti and/or B with various Ti/B weight ratios, 

such as Al-5Ti, Al-4B, Al-5Ti-1B, Al-3Ti-3B, Al-1Ti-3B. Although there is still a great discussion about the 

efficiency of those master alloys, the general conclusion is that the effect of grain refinement is more 
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remarkable by using Al-B or Al-Ti-B with a Ti/B ratio lower than 1:1 because of the interaction between Ti and 

Si reducing the effective quantity of Al3Ti and TiB2 nucleants [2]. A new generation of master alloys, such as 

Al-Zr, Al-Ti-C, Al-Nb-B, are used in grain refinement where Al3Zr, TiC, Al3Nb and NbB2 phases are the main 

nucleants of α-Al phase. The Al3Zr phase has been found to be less effective than the Al3Ti phase on the grain 

refinement [3]. Although Al-Ti-C master alloy shows lower agglomeration tendency with respect to Al-Ti-B 

system, the TiC phase might be faded because it is thermodynamically unstable and can be poisoned by Si 

[4]. The NbB2 phase is much more stable than TiB2 particles, showing therefore greater efficiency on grain 

refinement [5]. In recent years, lanthanides, such as La, Ce, Gd, have shown the potency of grain refinement 

of Al-Si alloys too. On the other hand, they have a matter of cost in use and tend to fade [6]. 

Grain refiner can interact with alloying elements and impurities present in the initial alloy. Several investigations 

conclude that Ti interacts with minor additions and impurities, such as Sr, Zr, Cu, and Fe as well as with Si, 

resulting in a coarser α-Al structure [7-10]. Among all impurities, iron is one of the most harmful in Al-Si foundry 

alloys, especially in the form of β-Al5FeSi platelets, which increase the alloy embrittlement. The sharp edges 

of β phase generate high-stress concentrations, resulting in the formation of cracks and the decrease of 

mechanical properties [11]. 

Understanding the effect of grain refiner addition on the formation of Fe-rich compounds is of great importance 

to improve the final casting quality. Previous works focused on the influence of AlTi5B, AlTi10, Al5B grain 

refiners on the Fe-rich phases [12,13]. On the other side, the studies on the effect of Nb-B inoculant on the 

precipitation of iron-rich particles in Al-Si alloys are limited. 

This study aims to analyse the influence of different levels of Al-3.5Nb-0.4B grain refiner on the precipitation 

of Fe-rich intermetallics in secondary Al-7Si-0.3Mg alloy. 

2. EXPERIMENTAL PROCEDURE  

2.1. Casting procedure 

A secondary AlSi7Mg cast alloy (EN AB-42000) in the form of commercial ingots was used as the base alloy 

and its chemical composition is shown in Table 1. An AlNb3.5B0.4 master alloy in rod shape was used as a 

grain refiner and added at two different levels (0.3 and 1.4 wt%) in order to obtain nominal Nb contents of 100 

and 500 wt. ppm Nb and nominal B levels of 13 and 55 wt. ppm B. The experimental chemical composition of 

the grain refined alloy is listed in Table 1. About 3.5 kg charge of AlSi7Mg alloy was melted at 750 °C in a SiC 

crucible in a resistance-heated furnace. The molten bath was gently skimmed and stirred before each addition, 

and it was held at 750 °C for 30 min to ensure the complete dissolution of the grain refiner addition. The melt 

was poured at 750 °C into two different boron nitride-coated steel moulds: a cylindrical-shaped die with an 

inner diameter of 20 mm and height of 100 mm, and a truncated conical cup with a lower diameter of 45 mm, 

an upper diameter of 70 mm and height of 60 mm. Both dies were preheated at 550 °C. The cylindrical-shaped 

mould provides a higher cooling rate of 1.3 °C/s, while the truncated conical cup provides a lower cooling rate 

of 0.1 °C/s. No degassing treatment was performed before casting operations.  

Table 1 Chemical composition (wt%) of the investigated alloys 

   Al Si Fe Cu Mn Mg Zn Ti Nb B 

AlSi7Mg (base alloy) Bal. 7.36 0.43 0.055 0.29 0.35 0.05 0.021 0 0.0001 

AlSi7Mg + 0.3 wt% 
AlNb3.5B0.4 

Bal. 7.34 0.43 0.055 0.29 0.35 0.05 0.021 0.0106 0.0013 

AlSi7Mg + 1.4 wt% 
AlNb3.5B0.4 

Bal. 7.25 0.44 0.053 0.30 0.31 0.05 0.020 0.0504 0.0055 
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2.2. Metallographic characterization 

The cylindrical sample was transversely cut at 25 mm from the bottom surface, while the sample with a cooling 

rate of 0.1 °C/s was sectioned longitudinally in half to extract a surface for the microstructural investigation. 

Both samples were then mounted, ground, and polished according to standard metallographic techniques. 

Optical (OM) and scanning electron microscopes (SEM) were used to measure the secondary dendrite arm 

spacing ʎ2 and to characterize the distribution of the size and morphology of the Fe-rich phases in the 

microstructure. To obtain a statistical average of the distribution, the series of different micrographs of each 

specimen were taken covering a region of interest of 8 mm2; each measurement included more than 400 

particles. 

To improve the contrast between the Fe-rich phases and other phases in the microstructure, the polished 

samples were chemically etched in an aqueous sulphuric acid solution at 70 °C (20 vol% H2SO4 and 80 vol% 

H2O). For the measurement of the grain size, the polished specimens were firstly etched in a CuCl2 solution 

(30 vol% CuCl2 and 70 vol% H2O) and then immersed in nitric acid solution (86 vol% HNO3 and 14 vol% HF). 

The grain size was measured using the intercept method, according to ASTM standard E112-12. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the typical microstructure of AlSi7Mg alloy after the addition of AlNb3.5B0.4 grain refiner. In 

general, the microstructure of both AlSi7Mg alloy and grain refined AlSi7Mg alloys consists of a primary phase, 

α-Al solid solution in the form of dendrites, and a eutectic mixture of aluminum and silicon. Intermetallics 

compounds, such as Fe- and Mg-rich intermetallics, are also observed. The Fe-rich compounds show needle-

like or Chinese script morphology. After 1.4 wt% AlNb3.5B0.4 addition, polygonal Nb-rich particles are 

observed in the microstructure, especially at a lower cooling rate (see Figure 1). 

 

Figure 1 Backscattered SEM micrograph of AlSi7Mg alloy after AlNb3.5B0.4 grain refinement 

For both casting geometries, the scale of the microstructure was evaluated by means of ʎ2 measurements. As 

expected, the casting geometry of the samples significantly affected the cooling rate, which varied in the range 

of 36 and 72 µm. The alloy solidified at a higher cooling rate, i.e. 1.3 °C/s, showed a microstructure scale with 

ʎ2 values of 36±3 µm. On the other side, the alloy solidified at a lower cooling rate, i.e. 0.1 °C/s, showed ʎ2 

value of 72±5 µm. 

Figure 2 shows the microstructures of the AlSi7Mg and the grain refined AlSi7Mg alloys at different cooling 
conditions. In the AlSi7Mg alloy, the α-Fe phase is the dominant phase among the Fe-rich compounds 
independently of the cooling rate. The addition of AlNb3.5B0.4 grain refiner promotes the formation of needle-
like Fe-rich compounds whose size is strongly affected by the cooling rate. 
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Figure 2 Typical etched microstructures of (a, d) the AlSi7Mg alloy and the grain refined AlSi7Mg alloys after 

(b, e) 0.3 and (c, f) 1.4 wt.% AlNb3.5B0.4 additions. The micrographs correspond to specimens solidified at 

(a-c) 1.3 and (d-f) 0.1 °C/s cooling rate 

Figure 3 presents the statistical analysis of the size and number density of β-Fe particles in the AlSi7Mg alloy 

at various AlNb3.5B0.4 levels and solidified at different cooling rates. Upon increasing the cooling rate in the 

AlSi7Mg alloy, the length of β-Fe particles with the maximum frequency shifts to lower values and the absolute 

value of the maximum frequency increases. The average length moves from about 35 to 17 µm at lower and 

higher cooling rates, respectively. Similar behaviour can be observed for the number density of the β-Fe phase 

(Figure 3c). These results are in agreement with the findings from Rakhmonov et al. [12]. When the cooling 

rate increases, the time for intermetallic particles to grow and coarsen decreases because the nucleation 

temperature of the β-Fe phase is displaced toward lower temperatures, resulting in smaller and shorter Fe-

rich compounds. 

This phenomenon is even more evident after the AlNb3.5B0.4 grain refinement. The addition of Nb-B inoculant 

emphasizes the precipitation of β-Fe particles but does not significantly affect the average size of the β-Fe 

needles (Figures 3a and b). 

 

Figure 3 Distributions of the length of β-Fe particles in the AlSi7Mg alloy and grain refined AlSi7Mg alloys 

solidified at different cooling rates: (a) lower and (b) higher (lognormal fitting curves are drawn).(c) Number 

density of β-Fe particles as function of the AlNb3.5B0.4 level and cooling rate 
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Figure 4 shows the area fraction of both α-Fe and β-Fe phases as a function of the AlNb3.5B0.4 level and the 

cooling rate. In the AlSi7Mg alloy, the α-Fe phase appears as the main Fe-rich phase regardless of the cooling 

rate. In fact, the area fraction of the α-Fe phase is higher than 1.28 % and the area fraction of the β-Fe phase 

is lower than 0.065 % at both cooling rates. This result can be explained considering the cooling rate and the 

chemical composition of the AlSi7Mg alloy. The Mn/Fe ratio is 0.68, higher than 0.5, which is the critical value 

to suppress the formation of the β-Fe compounds [14]. This ratio is almost the same also in the refined alloys. 

It can be therefore assumed that the addition of AlNb3.5B0.4 grain refiner promotes the precipitation of β-Fe 

phase. 

Either in the AlSi7Mg alloy or in the grain refined AlSi7Mg alloys, the Fe-rich compounds, both α- and β-Fe 

phases, are well distributed throughout the microstructure, comprising about 1.5 ± 0.3 % of the total 

investigated area. As previously mentioned, the formation of different types of iron intermetallics depends on 

the cooling rate and the chemical composition of the alloy. At 1.3 °C/s, the area fraction of the α-Fe phase in 

the AlSi7Mg alloy corresponds to 1.297 % and this value decreases to 0.834 and 1.025 % in the alloys modified 

with 0.3 wt% and 1.4 wt% AlNb3.5B0.4, respectively. At 0.1 °C/s, the area fraction occupied by β-Fe phase 

increases from 0.050 % in the AlSi7Mg alloy to 0.189 % and 0.267 % after the grain refinement with 0.3 wt% 

and 1.4 wt% AlNb3.5B0.4, respectively. It must be noted that the addition of AlNb3.5B0.4 grain refiner 

increases the precipitation of β-Fe, especially at high cooling rates. Rakhmonov et al. [13] suggested that the 

limited precipitation of β-Fe in the AlSi7Mg alloy is related to higher undercooling required for the nucleation 

of this phase. In contrast, the presence of heterogeneous sites, such as TiB2 particles in the refined alloy, 

facilitates the β-Fe precipitation at low undercooling. Moreover, a greater undercooling reduces the Fe content 

involved in the crystallization of α-Fe phase and increases the level of Fe available for β-Fe formation. In this 

study, the addition of Nb-B inoculant promotes the formation of particles which lead to the heterogenous 

nucleation of the β-Fe phase. Since Ti content in both base and refined alloys is low, Ti2B particles, which may 

be formed in a small amount, cannot significantly affect the precipitation of β-Fe. 

 

Figure 4 Area fraction of α-Fe and β-Fe particles in the whole Fe-rich compounds in the experimental alloys 
solidified at (a) higher and (b) lower cooling rate 

Figure 5 shows the effect of AlNb3.5B0.4 grain refinement on the grain structure of AlSi7Mg alloy at different 
cooling rates. In general, the AlSi7Mg alloy shows coarser grains respect to grain refined AlSi7Mg alloys. Upon 

increasing the cooling rate from 0.1 to 1.3 °C/s, the average grain sizes moved from 2470±320 µm to 1650± 

90 µm in the AlSi7Mg alloy. The additions of Nb-B inoculant progressively reduced the grain size. Regardless 

of the cooling rate, equiaxed grains with a size of 320±30 µm were obtained after 1.4 wt.% AlNb3.5B0.4 

addition. These results are in agreement with the previous study of Bolzoni et al. [15], where it was 

demonstrated that Nb-rich compounds act like heterogeneous substrates for the refinement of Al-Si foundry 

alloy and make the final grain size less sensitive to the cooling rate. 
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Figure 5 Grain structure of Al7SiMg alloy after (a, d) 0 wt%, (b, e) 0.3 wt% and (c, f) 1.4 wt% AlNb3.5B0.4 

additions. The macrographs refer to different cooling rates during solidification: (a-c) 0.1 and (d-f) 1.3 °C/s. 

4. CONCLUSION 

In the present work, the influence of AlNb3.5B0.4 grain refinement on the precipitation of Fe-rich compounds 

was studied in a secondary AlSi7Mg alloy. The following conclusions can be drawn: 

 The addition of AlNb3.5B0.4 grain refiner increases the density of polygonal Nb-rich particles in the 

microstructure. 

 The precipitation of α-Fe and β-Fe compounds is largely affected by the cooling rate and the initial 

chemical composition of the alloy. The presence of Nb-B promotes the formation of β-Fe particles, 

especially at higher cooling rates. 

 After AlNb3.5B0.4 grain refinement, the content of Nb-B does not significantly affect the size of the β-Fe 

particles, which appear finer at high cooling rates. 

 The difference in grain size associated with the different cooling rates is suppressed after the addition of 

1.4 wt% AlNb3.5B0.4. 
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Abstract  

Both Energetic and Metallurgy industry produce large amount of fine grain waste products. Thanks to their 

properties and composition these waste substances can be recycled back in their original production, where 

they become from. A typical characteristic of discussed materials is their fineness, and thus their difficult 

manipulativeness. For their successful regeneration in an original production, it is necessary to densify them 

into bigger pieces like briquettes or pellets. The research described below in this article focusing on 

investigation of bonding system, which would be possible to use for compactation of chosen waste products. 

Usage of ladle slags as a bonding system is not very well explored area. It was found out, that for example 

ladle slags play a good role as a bonding compound in process of briquette making with addition of fine grain 

metal bearing wastes. A compressive strength of prepared briquettes was of value 46 MPa after water 

hydration and 125 MPa in the case of alkali activation. Iron content was changeable depending on amount of 

specific used raw material. Some tested materials used in this project contain more than 90 wt. % of iron 

oxides, so it can be concluded, they are based on them. Any content of conventional binder participates on 

composition of prepared briquettes. Chemical and mineralogical composition of studied raw materials and 

briquettes was identified by XRFS, XRD methods. A calorimetric measurement of waste hydration heat and 

determination of cold compressive strength after 2, 7 and 28 days were also applied. 

Keywords: Ladle slag, bonding system, metal-bearing waste 

1. INTRODUCTION 

It is possible to solidify fine grain waste materials mostly thanks to use of conventional binder as it is a Portland 

cement. Composition of Portland cement is usually not suitable for considered recycling of waste materials 

back in plant where they were formed. At the same time, usage of conventional binder creates costs, which 

play significant role in profit of treatment of waste products [1,2]. 

A consideration of direct use of some waste product as a binder is then offered for given purpose. Blast furnace 

slag and its properties, as well as its various usability are very well known. On the contrary, a use of steel slags 

as a binder is rarely widespread nowadays. Because of that a proved research focusing right on steel slags, 

especially on verification of their bonding ability [3]. 

A bonding ability of steel slags was studied by the method of alkali activation and water hydration of chosen 

slags. 

If the slag should be alkali activated, it is desirable to achieve its latent hydraulic activity. It means, it is 

necessary to have an amorphous structure, which is possible to achieve by its fast cooling. A higher glassy 

phase content, better latent hydraulic properties will slag show. At lower glassy phase content, the slag can 

be alkali activated only in the case of contribution of minerals like merwinite, respectively dicalcium silicate in 

beta form (β - C2S). Another important factor is a content of CaO, which decides about type and form of 

hydraulic products, and so about hydraulic or latent hydraulic character of slag. As a possibly alkali activatable 

can be considered that slag, which contains low or zero amount of CaO. At higher CaO content it is necessary 

to balance its content by high enough amount of SiO2 for achieving slag latent hydraulicity [4]. 
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It is important mainly a mineralogical composition of slag for its possibility of hydration. In the case of this type 

slags it is not an aim to achieve an amorphous structure, but gaining of a maximal content of water hydratable 

minerals, mainly β - C2S. Slags hydrated by water very often contain minerals, which represents also Portland 

cement composition. For usage of hydraulic properties of slags there is important also content of other minerals 

as C3S (tricalcium silicate), C3A (tricalcium aluminate), C4AF (brownmillerite), C12A7 (mayenite), C2F (dicalcium 

ferrite), less significant are minerals C3MS2 (merwinite) and C2AS (ghelenite) [4,5]. 

2. EXPERIMENT AND DISCUSSION 

A bonding ability of steel slags, especially ladle slags, was verified by the method of alkali activation by water 

solution of sodium silicate or by addition of tap water. Chemical composition of slags and briquette samples 

was carried out by method of X-Ray Fluorescence, mineralogical composition determined X-Ray Diffraction, 

and thermal activity of sags was observed by titration calorimetry. Buk density was carried out by the method 

of saturation of samples in distilled water and cold compressive strength was determined according to standard 

ČSN EN 12350 - 3.  

2.1. Raw materials 

Metal bearing wastes from metallurgy rated among the group of materials with high iron content, where belong 

for example iron scales, sludges, flyes. Their chemistry shows Table 1. It is obvious that iron content in used 

waste materials varies between 34 and 94 wt%. 

Table 1 Chemical composition of used metal bearing wastes (wt%) 

Waste 
material no. 

Type of waste material CaO Al2O3 SiO2 MgO Fe2O3+FeO MnO 

A iron scales 6.01 2.31 10.71 0.93 75.12 1.10 

B sludges 6.84 0.17 1.67 1.34 85.74 1.20 

C dust from grinding and blasting 1.64 0.52 1.49 0.44 93.63 0.57 

D grinded waste from crowbars 0.11 4.41 0.67 ˂0.01 90.42 0.85 

E waste material from desulphurization 26.55 2.53 12.34 8.43 34.06 1.11 

Steel slags, which were studied, differ in their origin, type of aggregate, where they were formed. Conditions 

of slags formation reflect mainly in their chemical and phase composition and granulometry as well. Some 

slags were taken in liquid state from steel ladle and cool down controlled, some of them were taken directly 

after pouring out of ladle. Others were sampled from mounds and could age of several weeks and could came 

into contact with water or air humidity. A chemical composition of used slags summarizes Table 2. 

Table 2 Chemical composition of studied ladle slags (wt%) 

Ladle slag no. CaO Al2O3 SiO2 MgO Fe2O3+FeO MnO 

S1 54.63 19.43 11.52 5.50 1.95+1.89 4.00 

S2 50.59 17.69 19.39 7.52 0.30+0.56 1.58 

S3 55.62 21.83 12.55 4.99 1.72 0.40 

S4 61.76 16.28 11.66 5.02 0.45 0.10 

S5 55.70 12.75 20.32 5.39 0.59 0.40 

It is obvious from the chemical composition, that most of slags contain high amount of CaO and relatively low 

amount of SiO2. Because of this fact one cannot account with formation of glassy phase in bigger quantity. 
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A phase composition depends on chemical composition and thermal history of given slag. Studied slags 

composed mainly of CaO, SiO2 and Al2O3 oxides. In the case of ladle slags these three oxides create typically 

up to 80 % of total volume, where the remaining part typically holds magnesium oxides, manganese oxides, 

but also iron oxides and others. Just these minor components form crystalline phase detectable on X-Ray 

diffraction record. A significant fact is that some of newly created minerals show hydraulic properties. In the 

case when the slag was after sampling cooled down rapidly, it can be expected also presence of specific part 

of glassy phase. Mineralogical composition of studied slag brings Table 3.  

Table 3 Mineralogical composition of studied ladle slags 

Mineral 
Ladle slag no. 

1 2 3 4 5 

β-C2S x x  x x 

-C2S  x x  x 

C3MS2 (merwinite) x    x 

C2MS2 (akermanite) x x    

C2AS (ghelenite)  x  x  

C4AF (brownmillerite) x   x  

C12A7 (mayenite)   x x x 

CAS2    x  

MgO  x x x x 

CaO   x  x 

A main mineral which should be contained for the purpose of water hydration is -C2S. In general, slags 

determined to water hydration contain minerals which create also composition of Portland cement which 

means, except -C2S, also for example brownmillerite and mayenite presented in slags no. 3, 4 and 5.  

2.2. Bulk density and cold compressive strength 

One of parameters by which a bonding ability of slags was evaluated was their bulk density and next one cold 

compressive strength during hydration process in season after 2; 7 and 28 days. Mixtures for sampling 

consisted of grounded chosen slags (milling for increasing of specific surface, 300 m2.kg-1 determined by Blain 

method), water glass as an activator and water, respectively just water without water glass. Observation of 

bulk density was carried out due to monitoring of possible positive or negative volume change of slags, what 

would be reason of slags disintegration. After 28 days of hydration a bulk density was recorded in range 2.0 - 

2.3 g·cm-3 in the case of alkali activated slags, respectively between 1.7 - 2.1 g·cm-3 after water hydrated slags. 

Moderate increase in bulk density was observed in time, which could be caused by formation of new hydrated 

phases. In some cases, even decrease in bulk density was recorded. In both cases these changes were not 

significant enough to cause disintegration of samples. 

Cold compressive strength as another evaluating parameter was determined in the same stages of hydration 

process as it was bulk density, and so after 2; 7 and 28 days. Measured data are presented in Table 4. In this 

case it is obvious that samples containing ladle slags do not show very high levels after alkali activation 

comparing to others waste products (not included in an article), especially comparing to blast furnace slag. 

While alkali activated blast furnace slag typically showed strength after 28 days of hydration up to 88 MPa, in 

the case of ladle slag it was between 16 and 87 MPa, which are lower but satisfying levels. 
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Table 4 Cold compressive strength 

Ladle slag no. 

Cold compressive strength (MPa) 

Alkali activation Water hydration 

2 days 7 days 2 days 7 days 2 days 7 days 

S1 53.6 66.8 66.6 2.7 5.5 10.9 

S2 64.2 95.6 87.5 26.0 29.2 29.9 

S3 49.5 50.0 50.5 3.1 3.5 4.8 

S4 39.2 42.5 46.7 3.7 6.7 11.9 

S5 17.2 18.7 16.6 8.4 9.0 12.4 

A big difference in strength between slags alkali activated and slags hydrated by water is caused by a phase 

composition of slags. Most of them do not contain big enough amount of water hydratable minerals. By the 

way an interesting level of strength showed slags no. 1, 2, 4 and 5, of which strength levels after 28 days of 

hydration (hydration by water) were higher than 10 MPa. In the case of slag no. 2 it was even almost 30 MPa. 

Mentioned slags contain a significant part of hydraulically active mineral β-C2S and / or others water hydratable 

mineral like C12A7, C3MS2, C4AF, CaO and MgO. 

Hydration of these waste materials causes a presence of the same minerals which can be find in Portland 

cement. The lowest strength after water hydration among other slags showed slag no. 3, in spite of that fact 

its strength level ensures a manipulative strength, means high enough to possible next operation with solidified 

samples. 

2.3. Calorimetry - heat of hydration 

A progress in hydration processes of studied slags was observed by calorimetric method. Achieved results 

then gave another base for evaluation of samples prepared by solidification, were chosen slags acted as a 

binder. For given purpose, materials were fine grain milled (specific surface 300 (± 15 %) m2·kg-1). Water was 

added to dried sample according to experience achieved during sampling for hydration by water. After water 

application to sample they reacted together and at the same time the voltage which represents quantitative 

expression of total size of thermal change in sample was recorded. Hydration curves were constructed from 

that mentioned values, their trend shows Picture 1 and also hydration heat was calculated. Values of hydration 

heat introducesTable 5.  

Table 5 Hydration heat of ladle slags after 24 hours  

On Figure 1 below it is obvious that ladle slags 1, 3, 4 similarly show a rapid increase of hydration heat and 

after its release in several minutes the hydration can be no longer observed. Comparing to cement CEM I 

42.5R, which was also included in to experiment, it is very well visible that in this case hydration takes longer 

time. 

Ladle slag no. 5 behaved similarly to cement. In this case a gradual increase of thermal heat was recorded in 

first few minutes and its total determined hydration heat in 24 hours is higher comparing to other tested slags. 

Ladle slag no. S1 S2 S3 S4 S5 Cement CEM I 42.5R 

Hydration heat (J∙g-1) 138.52 159.32 150.28 111.06 172.03 225.7 
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Figure 1 Trend of increase of hydration heat of ladle slags in first 60 minutes 

2.4. Briquetting  

Most waste materials, which are potentially recyclable, eave their primary manufacturing plant as very fine 

grain products. But that fineness causes difficulties in manipulation and their potential next treatment. 

Solidification is one of suitable method which allow to eliminate that essential issue and agglomeration, 

palletisation or briquetting of these materials are methods used with advantage.  

Based on previous analyses were selected for briquetting ladle slags 4 and 5 due to their character. Evaluation 

of bonding ability of slags was carried throughout determination of bulk density and cold compressive strength 

of prepared tested samples - briquettes. 

Table 6 Composition, bulk density and cold compressive strength of prepared briquettes  

Briquette 
Briquettes composition 

(-) 
Bulk density 

(g.cm-3) 

Cold compressive 
strength 

(MPa) 

B1  S4, D, B 3.04 3.96 

B2  S5, D, B 3.07 6.57 

B3  S4, C, B 3.05 3.44 

B4  S4, C, A, B 2.54 3.24 

B5  S5, C, A, B 2.56 2.73 

B6  S4, C, E, B 2.64 2.38 

B7  S5, C, E, D, B 2.84 1.95 

B8  S4 (higher content), C, B 3.26 4.85 

B9  S5 (higher content), C, B 3.12 3.13 

Slags were used as a binder for mixtures with high iron content. An activation of bonding component was 

carried only by adding water into mixture. The reason was followed purpose of usage of given briquettes as 
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recyclable fine grain metal bearing waste for example in Blast furnace or as a part of charge to steelmaking 

furnace. Besides, saving of natural iron raw materials necessary for industrial production is also considered 

and necessity of reduction of alkali raw materials part (e.g. water glass would bring it in to mixture, despite the 

fact it gained higher mechanical parameters) as well. Used metal bearing wastes from metallurgy are typical 

in their high iron content, fine grain structure and these are for example wear dust, scales, converter sledges, 

etc. a composition of briquettes and values of achieved bulk density and cold compressive strength after 28 

days of hydration summarizes in average next Table 6. An iron content, as one of evaluated parameters, was 

in prepared briquettes determined between 39-58 %. This way high participation of an iron is comparable with 

that one in minerals like limonite, chamosite or siderite. 

3. CONCLUSION 

Selected ladle slags represent various types characterizing changeable chemical and phase composition. This 

composition was formed based on use of various operating aggregates, type of actually producing steel and 

speed of slag cooling down. The most of ladle slags contain mainly CaO and relatively low SiO2. This 

composition is not suitable for an intensive glassy phase forming. Related to the origin of slags, suitable 

conditions for creation of amorphous phase are conditioned mainly by fast cooling of slag. During slow cooling 

slag crystalizes.  

Related to required specific practical usage of achieved experimental results the possibility of water activation 

of ladle slags was evaluated predominantly. Based on study of their composition, mechanical parameters, 

evolution of hydration heat both raw materials and prepared solidified samples as well, it can be announced, 

that it is possible to activate chosen ladle slags by the effect of water. So that it is possible to use them as a 

binder and so they are suitable for a treatment of specific fine grain metal bearing waste products to bigger 

compact pieces in an order to recycle them for example in melting aggregates. An iron content in briquettes 

prepared with certain content of metal bearing wastes was carried on level 39-58 wt%. 
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Abstract  

Hip replacement is a surgical procedure in which parts of a hip joint are removed and replaced with a 

prosthesis, most commonly made of titanium-based alloys. Although considerable advances have been made 

in this field, the fracture is still one of the main problems associated with hip implant failure. This paper deals 

with the analysis of the premature failure of hip joint replacement. A 61-year-old patient underwent a left hip 

replacement in 2008, and revision surgery was required after 10 years. Many possible causes of failure include 

incorrectly chosen material microstructure, heat treatment, fatigue cyclic loading, or hydrogen embrittlement. 

This paper focuses on saturating the endoprosthesis with hydrogen. By examining the amount of saturated 

hydrogen in the Ti6Al4V alloy, it is possible to predict the fatigue life of the endoprosthesis. Comparison the 

hydrogen content in a used implant and sample saturated by cathode method, we estimate the amount of 

hydrogen that will be diffused in regular use. The experiment aims to find out and eliminate risk factors and 

reduce the number of revision surgeries for prematurely failed hip joint replacement. In practice, this means 

ensuring a dignified life for patients after surgery. 

Keywords: Endoprosthesis, hip joint, hydrogen embrittlement, Ti6Al4V 

1. INTRODUCTION 

Ti6Al4V alloy is very sensitive to previous thermomechanical processing. The fatigue limit of Ti6Al4V alloy 

often runs from the ratio of primary α to the transformed β phase, from the size of the primary β grains, as well 

as the size of the α grains and the morphology of the α + β phase. All parameters affect the properties of the 

alloy, especially fatigue life [1]. At low temperatures, the mechanical properties of this alloy are largely 

influenced by the α phase. In addition to the patterns and morphology α uses, the fatigue life of the Ti6Al4V 

alloy is affected by aging and the content of hydrogen and oxygen. Increasing the levels of oxygen and 

hydrogen in the Ti6Al4V alloy reduces the fracture toughness. It is used by increasing the planar slip, supported 

by the arrangement of Ti3Al production, which causes easy nucleation of cracks at the grain and phase 

boundaries. This tendency also helps with a high aluminum content, and thus the composition of commercial 

alloys rarely exceeds 6 % [2]. Hydrogen creates cleavage and cracking of the interface due to the formation 

of hydrides (TiH2). Alloys with a high level of β can help dissolve more hydrogen, reducing the reduced fracture 

toughness caused by hydrogen. Increased hydrogen content can lead to some changes in its physical and 

mechanical properties. The high hydrogen content in the material causes its degradation. This is most often 

manifested by a change in plastic deformation, tensile strength, yield strength and decrease in resistance to 

brittle failure. The term hydrogen embrittlement is used to degrade the material affecting hydrogen. Hydrogen 

can transfer the material to various stages of production, as well as during use [3]. 
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Types of hydrogen embrittlement depending on hydrogen sources, types of damage and with the location of 

hydrogen in the microstructure [2]. Hydrogen can penetrate titanium through various information. In principle, 

two types are distinguished, namely in gaseous and liquid media. Hydrogen can only be transferred to the 

material in the atomic state. The basic premise is the decomposition of a hydrogen molecule on the surface of 

the material. The penetration of hydrogen into the material is influenced by the composition of the liquid 

medium, the condition of the titanium surface, resp. the presence of impurities on the surface. Hydrogen 

diffusion in solid groups is the only possible way of mass transfer [4]. The driving force of diffusion is the 

gradient of the chemical potential. The diffusion of hydrogen, which is present in the material in the interstitial 

positions of the crystallographic lattice, is governed by the laws of interstitial diffusion and it is possible to apply 

Fick's laws to it [5]. The diffusion rate of hydrogen in metals affects the structure of the material. A higher 

diffusion factor is found in metals with a body-centred cubic grid than a face-centred cubic grid [6]. 

Other interstitial elements - carbon and nitrogen, have a low solubility in the solid in titanium and, when the 

level of solubility is exceeded, form fine particles of TiC and TiN. These particles drastically reduce the ductility 

as well as the fracture toughness of titanium alloys and must therefore be removed [7]. 

2. EXPERIMENTAL MATERIALS AND METHODS 

The Beznoska Trio implant was made of Ti6Al4V alloy according to ISO 5832-3. The implant is characterized 

by a modular stem with the probability of various variants of neck inclination. Fatigue tests were performed on 

the specimens using a Vibrophores Amsler 150 HFP Zwick / Roellpulsator to empirically verify the fatigue 

properties of the material. The experimental material was also used for hydrogenation tests using the cathode 

method on the constructed equipment. The samples were supplied by the manufacturer in the form of bars 

with a length of 55 mm and a square cross-section and dimensions of 10 mm x 10 mm (Figure 1). The chemical 

composition of the broken endoprosthesis was examined using a SPECTROMAXx device. To observe the 

microstructure, specimens were made by standard methods of metallographic preparation of titanium alloys 

on a TegraPol-15 automatic device from Struers. After grinding and polishing, the samples were etched with 

10% HF. After metallographic preparation of samples from the neck and stem of the endoprosthesis, the 

microstructure was evaluated on a NEOPHOT 32 light microscope and on a TESCAN VEGA LMU2 scanning 

electron microscope. 

 

Figure 1 Dimensions of the experimental material [own study] 

A sample with a size of 10x10x1 mm was taken from the failed neck of the endoprosthesis and subsequently 

analysed in a linear tandem ion accelerator 6 MV TANDETRON. The operating range of the accelerating 

voltage of Tandetron is from 300 kV to 6 MV. 
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3. RESULTS AND ITS DISCUSSION 

3.1. Microstructure 

Titanium and its alloys are among the modern implant materials and are characterized by excellent corrosion 

resistance, good biocompatibility, reduced modulus of elasticity, and high strength. The company Beznoska 

uses the alloy Ti6Al4V for the uncemented Trio prosthesis. Ass well as the chemical composition, the 

mechanical strength of the metal material is also affected by its microstructure. The microstructure is a result 

of the thermomechanical processing of the material. 

The microstructure (Figure 2) was formed by polyhedral grains of phases α with a hexagonal lattice and β with 

a body-centred cubic grid. There was a predominantly equiaxed α phase with a small amount of irregularly 

shaped β-phase at the grain boundaries of the α phase. The fine lamellae α had the same shape and size. 

This microstructure is in agreement with the heat-treated TiAl6V4 alloy at 1020 °C for 20 min. The morphology 

of the α phase may change with the increased cooling rate or alloying content. From the current knowledge, 

the dependence of fatigue life on the lamellar α-phase is known. 

Despite the advantages of fine-grained titanium, its use is not straightforward. The fine-grained structure is not 

stable at temperatures higher than 600 °C. It requires modification of the current technology for the 

manufacture of titanium endoprostheses. Significant complications are also a considerable dependence of 

mechanical properties on the required bar diameter, limited production possibilities of suppliers, and a higher 

price [5]. 

  

a) cross-section, 10% HF b) longitudinal section 

Figure 2 Microstructure of specimen [own study] 

3.2. Hydrogenation 

Hydrogen embrittlement significantly contributes to shortening the life of the lumbar endoprosthesis. By 

comparing the amount of saturated hydrogen in the prematurely failed endoprosthesis with the starting Ti6Al4V 

alloy, it was possible to predict the amount of hydrogen that diffuses into the implant during use. 

The hydrogen content (Figure 3) in the initial material is almost half as low as in the implant. The depth to 

which the hydrogen diffused is 0.08 µm, which can be considered negligible. Such an amount of hydrogen 

could also enter the sample from the atmosphere. 

The amount of hydrogen in the failed neck of the endoprosthesis diffused during application in the patient's 

body. The accumulated hydrogen penetrated to a depth of 100 times compared to the initial material of the 

Ti6Al4V alloy. By demonstrating the presence of hydrogen in the failed neck of the hip endoprosthesis, it is 

possible to classify hydrogen embrittlement as one of the factors that significantly affect the life cycle and 

functionality of implanted endoprostheses. 
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Figure 3 Hydrogen profile of the endoprosthesis neck [own study]  

3.3. Fatigue tests 

After hydrogenation, the experimental test bars were subjected to fatigue tests by three-point bending. 

Although the slope of the curves is very similar, based on the comparison of the curves, it can be argued that 

the hydrogenated samples have lower fatigue life values than the initial ones, because the fractures occurred 

during lower loading stress. 

The S-N diagram (Figure 4) has a decreasing course in both cases. It is characterized by a decrease in voltage 

amplitude. At this voltage amplitude, all samples exceeded the specified number of cycles, some failed, and 

some reached 107 cycles without failure. Up to 107 cycles of 5 samples at baseline and one sample after 

hydrogenation were tested without fracture. 

 

Figure 4 S-N diagram [own study]  

4. CONCLUSION 

 By demonstrating the presence of hydrogen in the failed neck of the lumbar endoprosthesis, it is possible 

to classify hydrogen embrittlement as one of the factors that significantly affect the life and functionality 

of implant endoprosthesis. 
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 The hydrogen content of the implant was almost half that of the starting material and the accumulated 

hydrogen penetrated to a depth of 100 times compared to the starting experimental material of the 

Ti6Al4V alloy. 

 In fatigue tests by three-point bending with a specified number of cycles Nf = 107, it turned out that at a 

medium stress σm = -720 MPa, the fatigue life increases with decreasing stress amplitude. From the 

generated S-N fatigue life diagram, it is possible to determine the equation for the regression power 

curve for the amplitude of the upper stress: σh = 4287 · Nf 0.153. 
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Abstract  

Electron beam brazing combines the advantages of carrying out the process in a vacuum with the possibilities 

of precisely controlled heat source. Under high-temperature vacuum conditions the oxide layer is decomposed, 

which improves the wetting properties of the base metal, thus resulting in better joint properties. Brazing in an 

inert vacuum atmosphere also allows the use of a very reactive base and filler materials. Compared to brazing 

in vacuum furnaces, electron beam brazing enables the heating of precisely selected areas without the need 

to heat the entire element, which results in less significant structural changes in the base material and less 

energy consumption. In this article, AISI 304 grade stainless steel sheets were brazed with the use of various 

copper or silver fillers. The joints were subjected to microstructure, hardness and shear strength tests. The 

results show the effectiveness of the electron beam method in making brazed joints on the example of stainless 

steel base material and the copper and silver-based fillers. 

Keywords: Metallurgy, electron beam, brazing, soldering, stainless steel, vacuum 

1. INTRODUCTION 

Nowadays, the development of industry requires making joints from materials with significantly different 

physical and chemical properties. However, in some cases, the joining of these materials poses many 

problems. The effects of poorly chosen parameters are the appearance of excessive stresses and cracks, in 

addition, the joints may be characterized by high brittleness. To prevent this, these elements are joined using 

brazing methods, where during the connection there is a relatively low temperature, which reduces the amount 

of heat and thus the adverse structural changes and deformation. Brazing also makes it possible to form joints 

from dissimilar materials that are difficult or impossible to join by other methods [1-3].  

The use of electron beam in the brazing process, the configuration of parameters such as beam current, 

accelerating voltage, beam focusing control or beam splitting, allows (within a wide range) to control the 

amount of heat introduced to the elements being joined. Conducting the process under high vacuum conditions 

not only ensures high precision, but also reduces the formation of oxides on the surface of brazed materials, 

improving the wettability of the binder, which affects the good quality of brazed joints. When using electron 

beam it is also important to remember about the disadvantages of this method. It is not suitable for joining 

metals and their alloys containing easily evaporating (in vacuum) elements (e.g. zinc, phosphorus). This poses 

a certain difficulty in the selection of binders due to the fact that a significant part of the adhesives used, 

especially for flux brazing, are not suitable for this purpose [1-6].  

The paper [7] presents problems related to the manufacturing of new effective tools from advanced superhard 

materials (SHM) based on cubic boron nitride (CBN) and polycrystalline diamond (PCD). It was found that the 

optimal method to obtain the joints is brazing with the use of adhesion-active binders. The study focused on 

the fabrication of SHM-steel (or hard alloys based on tungsten carbide) joints using electron beam heating. 
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The course of chemical and physical reactions occurring during brazing of SHM to the substrate was studied. 

The conducted theoretical and experimental research made it possible to introduce unique ceramic tools for 

machining. In the work [8], a team from the Harbin Institute of Technology (China) described the problem of 

brazing hard WC-Co alloys with SAE1045 steel, with a carbon content of 0.45 wt%. The joint was fabricated 

using Fe-Ni spacer. The joints obtained in this way were characterized by high quality and significantly lower 

hardness than in the case of traditional electron beam welding (EBW). In paper [9], the authors described the 

effect of beam current on the microstructure and mechanical properties of brazed joints of aluminum with 304 

austenitic steel. In paper [9], the authors performed brazed joints at different accelerating voltage values. In 

conclusion, the authors pointed out that the joints made using the EBB method had high quality and shear 

strength of 93 MPa. The quality of the joints was also significantly affected by the proper selection of brazing 

parameters. Too high intensity resulted in the appearance of cracks in the joint. Important applications of 

electron beam brazing also include joining technologies in space. The article [10] presents the possibility of 

using spot brazing in a vacuum, in the repair of such components as telescopes, antennas or energy sources. 

The author [10] points out that electron beam brazed joints are characterized by high quality and resistance to 

space conditions (vacuum, radiation). 

Based on the examples described above, it can be concluded, that with appropriately chosen parameters of 

the electron beam, the amount of heat introduced into the joints can be controlled, which makes it possible to 

obtain joints of high quality and mechanical strength. 

The aim of this study was to carry out an appropriate selection and optimization of electron beam brazing 

parameters for joints made of corrosion-resistant steel. The scientific objective was to determine the influence 

of the binder type and basic electron beam brazing parameters on the geometry and quality of the joints 

obtained. The practical goal, on the other hand, was to develop technological conditions for electron brazing 

of components made of steel sheets to ensure the best quality and strength properties of the joints. 

The scope of research included: 

 selection of additional materials and carrying out electron beam brazing tests,  

 examination of the quality and durability of the obtained joints, 

 determination of conditions and technological parameters that ensure the optimum quality and durability 

properties of the joints, development of a technology of electron beam brazing of steel sheets. 

2. RESEARCH METHODOLOGY 

In the first stage of the research, the feasibility of electron beam brazing process was analyzed. Steel grade 

X5CrNi18-10-1.4301 (AISI 304 [11]), in the form of sheets with dimensions of about 150×50×1.5 mm, was 

taken for testing.  

Brazing was conducted using the binders summarized in Table 1. 

Table 1 List of binders used for testing (according to PN-EN 17672:2016-12 [12]) 

Binder type according to PN-

EN ISO: 2016-12  

Elements (wt%) 
Tsol (°C) 

Ag Cu Zn Mn Ni Sn Ni 

Ag 449 49.0 16.0 23 7.5 4.5 - - 680 

Ag 272 72.0 28.0 - - - - - 780 

Ag 463 63.0 28.5 - - - 6.0 2.5 690 

Cu 773 - 48.0 - <0.1 10.0 - - 890 

Cu 595 - 71.5 - 12.0 2.0 - - 965 
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Binder materials were provided in the form of 

tape with thicknesses ranging from 0.2 to 0.5 

mm. Before the brazing process, all samples 

were cleaned and degreased with acetone (not 

etched). The brazing process was carried out 

under high vacuum (10-2 Pa) on an electron 

beam machine, model XW150:30/756 

(Figure 1), designed for welding and surface 

modification. The cleaned components were 

then placed, according to the selected 

configuration, in the prepared fixture (Figure 2). 

The first stage of the research was focused on 

determining the optimum way of guiding the 

electron beam on the materials to be joined. It 

was important to set the process parameters in 

such a way that the electron beam would only 

properly heat the material and not lead to its 

melting. On the basis of the 

conducted experiments, the 

method of brazing with a 

defocused beam falling on both 

metal sheets simultaneously was 

chosen (Figure 2), due to more 

uniform heating, and thus also 

wetting of the elements. A test 

series of joints was then made 

using different binder materials. 

Table 2 summarizes the brazing 

parameters used. 

The brazed joints were then 

subjected to mechanical (static 

shear test by stretching the joints) 

and metallographic macro- and microscopic tests to confirm the quality of the brazed components. 

Table 2 Test joints brazing parameters with different additive materials 

Sample 
no 

Binder type according to 
PN-EN ISO 17672: 2016-12 

Accelerating 
voltage (kV) 

Beam current 
(mA) 

Linear brazing 
speed (mm/min) 

Focal distance 
(mm) 

1 Ag 449 60 14 135 402 

2 Ag 272 60 13 120 402 

3 Ag 463 60 17 150 402 

4 Cu 773 60 15 100 402 

5 Cu 595 60 18 150 402 

2.1. Microstructure study 

Metallographic tests were conducted in accordance with the requirements of PN-EN 17639:2013-12 [13]. The 

samples were ground and then polished. The tests were carried out using an inverted metallographic 

 

Figure 1 View of the electron device, model 

XW150:30/756 

 

Figure 2 Schematic of sample preparation for electron beam brazing 
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microscope - model Eclipse MA 200 (Nikon). The results in the form of macro- and microstructures are shown 

in Figures 3-7. 

  

Figure 3 Microstructure of a joint made of AISI 304 

grade steel, brazed with electron beam using Ag 

449 binder, chemical etching in dilute aqua regia 

Figure 4 Microstructure of an AISI 304 electron-

beam brazed joint using Ag 272 additive material, 

chemical etching in dilute aqua regia 

  

Figure 5 Microstructure of an AISI 304 electron-

beam brazed joint using Ag 463 additive material, 

chemical etching in HCl and CrO3 dilute solution 

Figure 6 Microstructure of an AISI 304 electron-

beam brazed joint using Cu773 additive material, 

chemical etching in HCl and FeCl3 dilute solution 

 

Figure 7 Microstructure of an AISI 304 electron-beam brazed joint using Cu595 additive material, 

chemical etching in 1:4 HF:HNO3 dilute aqueous solution 
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2.2. Shear tests 

Static tensile shear test of brazed joints (Figure 8) was carried out using MTS Criterion C45 testing machine, 

up to 100 kN, at cross beam feed rate of 5 mm/min, according to the requirements of PN-EN 12797:2002 [14]. 

The obtained results are summarized in Figure 8. 

 
Figure 8 Shear test results  

3. DISCUSSION OF RESULTS 

The purpose of this paper was to test the feasibility of using electron beam in the brazing process of AISI 304 

steel. To do so, numerous brazing tests were conducted to confirm the suitability of this technology. After 

selecting a suitable method for heating the material, preliminary brazing tests were conducted on AISI 304 

steel using various additional materials. Metallographic tests showed that the joints made of AISI 304 steel, 

using all binder materials were of high quality. The macro- and microstructures of the joints obtained showed 

no defects (Figures 3 to 7). Mechanical tests showed that the joints were characterized by high shear strength. 

The best results were obtained for the joints made with copper-based binders, i.e. Cu 773 (average shear 

strength was 142 MPa) and Cu 595 (average shear strength was 131 MPa). The best results among silver-

based binders were obtained for the joints with Ag 463 (average shear strength was 130 MPa), whereas the 

lowest strength among all the tested joints was observed for the joints made with Ag 449 binder (average shear 

strength was 109 MPa). 

Brazing tests carried out confirmed the validity of using an electron beam as a heat source in the brazing 

process. The process conducted in a vacuum allows to maintain metallurgical purity. This is also due to the 

decomposition of oxide layers and lack of re-oxidation. In the vacuum brazing process, the chemical 

composition of the binders used, devoid of easily evaporating components, is important. At the present stage 

of the research, no further analysis of the microstructure of the brazed joints obtained has been carried out. 

4. CONCLUSION 

The following conclusions were drawn from the study: 

1) Brazing tests that were carried out, confirmed the validity of using an electron beam as a heat source in 

the brazing process. Joints made using defocused electron beam are characterized by proper geometry 

and high performance. 

2) In the case of joints made of AISI 304 austenitic steel, the best results were obtained for Cu 773 binder 

(average shear strength 142 MPa). 

Sample no. 
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3) On the other hand the worst results were obtained for Ag449 binder (average shear strength 109 MPa).  

4) Defocusing the beam on the surface of both sheets at the same time resulted in more uniform heating 

and thus wetting of the elements. 
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Abstract 

The paper deals with the possibility of obtaining zinc and iron from waste galvanic sludge, which arises during 

galvanic plating. The practical part describes laboratory experiments of the hydrometallurgical process of 

leaching in acids, with the addition of oxidizing agents. Subsequent chemical analyzes of leachate and 

leachate. Finally, other procedures for possible recovery of metals as secondary raw materials are indicated. 

Keywords: Metals, galvanic sludge, hydrometallurgical process, leaching 

1. INTRODUCTION 

The reserves of rich ores from which it is technologically possible and economically feasible to extract non-

ferrous metals by existing widely used technological processes are decreasing. Therefore, the study of new 

technological processes for the processing of polymetallic ores and concentrates with non-standard non-

ferrous metal content other than respecting environmental standards is one of the current problems of 

metallurgical mining. The use of pyrometallurgical processes is not environmentally friendly in terms of the 

production of large amounts of SO2 production [1]. In recent years, hydrometallurgical processes have been 

the subject of much research because they allow the processing of complex ores, concentrates and wastes 

and reduce environmental pollution.  

Recovering waste materials and recovering metals from various secondary sources is of major importance 

due to the economic and environmental benefits. Zinc is one of the most popular and versatile metal that finds 

a wide range of applications including plating, coating and alloying with other metals. Commercially, zinc can 

be ranked as the third most common metal after aluminium and copper [1-3]. Currently, most zinc metal is 

produced by the Roast-Leach-Electro (RLE) process [4]. The high demand for zinc has also led the industry 

to exploit secondary sources such as zinc waste, zinc slag and leach residues as potentially valuable resources 

[5]. One of the options to recover zinc and iron from galvanic plating waste materials is sludge.   

Zinc typically provides 50 to 75 years of corrosion protection for iron and steel in many environments [5]. 

Empirical data collected on the performance of galvanized steel in environments ranging from industrial to 

marine to suburban and rural suggest that zinc can prevent corrosion of the underlying steel more than other 

surface treatments because it corrodes at a rate of about 1/30th that of iron. It has been estimated that the 

application of 30-70 kg of zinc (requiring 125-300 kWh of energy to produce) can extend the life of one ton of 

steel products (requiring 2500 kWh) by a factor of three to five [6]. Zinc coated steel is commonly used in 

indoor and outdoor atmospheres, fresh or seawater, soil, concrete and/or in contact with other metals, treated 

wood, under extreme temperatures and also for storage of hundreds of different chemicals [7-9]. 
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Recycling of HDG by-products allows zinc to be recovered as a metal or other compounds and returned to the 

production cycle, thereby reducing the input of primary metal and improving environmental protection [2,9]. 

Zinc sludge can be treated by both pyrometallurgical [10 -12] and hydrometallurgical [13-18] methods. 

The latter are efficient, economical, relatively clean and can be adapted on a small or medium industrial scale. 

Literature data on hydrometallurgical treatment of wastes is rather limited and mainly considers the leaching 

method in sulphuric [14] or hydrochloric acid [13]. 

This paper reports the results of preliminary studies on the hydrometallurgical treatment of galvanic sludge 

produced by industrial sources. Currently, this waste is managed domestically by zinc producers or sold to 

foreign recyclers. The objective of the research was to determine the effect of solid to liquid ratio, agitation rate 

and temperature on the efficiency of zinc leaching with sulphuric acid with the addition of the oxidizing agents 

hydrogen peroxide and ozone. The results obtained will help to develop further process for recycling zinc and 

iron and their further use as secondary raw material [17-20]. 

The aim of the work is to obtain zinc and iron from leaching of galvanic sludge. A sub-objective is a theoretical 

analysis of hydrometallurgical processes. The practical part aims at sample treatment, subsequent leaching of 

waste sludge in 10 % and 30 % sulphuric acid. The thesis concludes with an evaluation of the conditions under 

which the highest yield of zinc and iron is obtained after leaching of galvanic sludge and a proposal for further 

procedure. 

2. BASIC CHARACTERISTICS OF ZINC- AND IRON-CONTAINING WASTES AND THE LEACHING 

PROCESS 

At present, waste residues are mainly treated in two ways, pyrometallurgical and hydrometallurgical. 

Pyrometallurgical processes are expensive due to the large amount of energy required to maintain high 

processing temperatures above 1000 °C and high pressures [7-12].  

Hydrometallurgical processes are based on the leaching of pretreated enriched ore, which is often sulphate 

roasted, to obtain sulphates that are highly soluble in suitable leaching reagents. The products are two phases, 

the leachate, a solid residue, and the leach, which contains the metal of interest. From the leachate we then 

recover the metal by a number of processes. With a relatively rich feedstock, a number of metals will still be 

present in the leachate, which can be further leached with leaching reagents to obtain the leachate and the 

depleted waste leachate. From the leach liquor, the metals are recovered by the procedures described earlier. 

The galvanic sludges, which contain larger amounts of heavy metals, constitute waste that is suitable for 

recycling. These are generated during the treatment of waste water from the operation of the galvanic plant. It 

is a mixture of metal hydroxides mainly iron, zinc, chromium and others. The sludge is sedimented in reaction 

pits and pumped to a sludge lagoon after sedimentation is complete. From there they are dewatered by a 

sludge pump in a sludge tank. The dewatered sludge is then collected in containers. Hydrometallurgical 

methods are used for sludge treatment. Acid or alkaline leaching is used to convert the metals of interest into 

a leachate. Most of the waste substances do not dissolve in the environment or are converted to a difficult-to-

dissolve compound. The leachate is then treated by electrolysis to separate the individual metals [12-20]. 

3. EXPERIMENTS 

The aim of the experimental part was to verify the leaching conditions on the quantity of the metal of interest 

obtained. A sample of waste electroplating sludge was treated by drying and crushing to the particle size. That 

was followed by a leaching process where sulphuric acid was chosen as the leaching agent for different 

dilutions. The conditions were set as in previous experiments [7]. 

The main part of the experimental work was to determine the most suitable conditions for obtaining the 

maximum yield of zinc and iron from the waste electroplating sludge. Leaching was carried out in sulphuric 
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acid. Samples were analyzed for zinc and iron content, in the laboratories of the Faculty of Materials and 

Technology. The input chemical analysis of the sample is given in Table 1. 

Table 1 The amount of metals of interest in galvanic sludges measured by ED-XRF 

Galvanic sludges 

Element 
Measurement (wt%) 

Average 
1 2 3 

Zn 15.93 15.95 15.84 15.91 

Fe 12.30 12.31 12.30 12.30 

Waste sludge samples were pretreated by drying under normal conditions and size homogenization by hand 

grinding (Figure 1). 

 

Figure 1 Preparation of samples for leaching 

For the hydrometallurgical leaching method, sulphuric acid in two dilutions of 10 %, 30 % was chosen. This 

selection was made according to the analysis of literature sources dealing with the leaching of waste materials. 

We wanted to compare the amount of metal recovered by changing the leaching solution conditions. Leaching 

solutions were prepared from concentrated acid by diluting to the desired solutions. Another condition in the 

experiments was the addition of an oxidizing agent in the form of H2O2 and with the addition of ozone, at 

temperatures of 40 and 60 °C for 6 hours. 

Leaching procedure 

Beakers with prepared samples of 200 ml of 10 %, 30 % sulphuric acid along with 50 g of weighed sample of 

waste galvanic sludge, (1:4 ratio) were placed on electromagnetic stirrers. The desired temperatures (40 °C 

and 60 °C) were individually set on each electromagnetic stirrer. After the specified time (6 h), the leaching 

process was terminated and the leachate and leachate were separated by filtration. The leach was collected 

after two hours to determine more accurately the amount of metal that had passed into the leach. The leachate 

was collected after the experiment was completed after 6 h. 

The samples obtained after leaching (leaching substance, leachate) were chemically analyzed for zinc and 

iron content. (Tables 2, 3).  
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Table 2 The final zinc and iron content of the leaching substance  

sample after 
leaching 

10% H2SO4 

40 °C 60 °C 

Addition, time Zn (mg/l) Fe (mg/l) Addition, time Zn (mg/l) Fe (mg/l) 

H2O2 2 h 10800 0.805 H2O2  2 h 16400 4.52 

H2O2  4 h 11100 2.77 H2O2  4 h 24400 15.8 

H2O2  6 h 11400 5 H2O2  6 h 36100 18.6 

O3 2 h 18600 4.7 O3  2 h 17300 344 

O3 4 h 19900 75.7 O3  4 h 22300 820 

O3 6 h 40000 2150 O3  6 h 40200 4360 

sample after 
leaching 30% 

H2SO4 

40 °C 60 °C 

Addition, time Zn (mg/l) Fe (mg/l) Addition, time Zn (mg/l) Fe (mg/l) 

H2O2 2 h 40200 6980 H2O2  2 h 47500 8480 

H2O2  4 h 31600 5781 H2O2  4 h 35400 6890 

H2O2  6 h 31700 6200 H2O2  6 h 43700 8420 

O3 2 h 29700 5140 O3  2 h 42400 7260 

O3 4 h 19500 3660 O3  4 h 27920 5200 

O3 6 h 15600 4000 O3  6 h 13700 4360 

Table 3 The resulting content of zinc and iron in the leachate 

sample 
after 

leaching 

10% 
H2SO4 

40 °C 60 °C 

Addition, time Zn (wt%) Fe (wt%) Addition, time Zn (wt%) Fe (wt%) 

H2O2  6 h 5.21 3.25 H2O2  6 h 2.61 3.58 

O3 6 h 2.11 2.75 O3  6 h 2.08 2.39 

sample 
after 

leaching 

30% 
H2SO4 

40 °C 60 °C 

Addition, time Zn (wt%) Fe (wt%) Addition, time Zn (wt%) Fe (wt%) 

H2O2  6 h 5.47 0.86 H2O2  6 h 2.26 0.38 

O3 6 h 1.76 0.26 O3  6 h 1.21 0.11 

4. CONCLUSION  

The aim of this work was to verify the leaching conditions for the amount of zinc and iron metal of interest 

obtained. A sample of waste galvanic sludge was treated and leached in sulphuric acid solution at several 

dilutions of 10 % and 30 % for 6 hours and temperatures of 40 and 60 °C. The oxidizing agent hydrogen 

peroxide and ozone were added. The ratio of K:P was also an important factor. In this case it was 1:4, i.e. 50 g 

of sample and 200 ml of 10% and 30% sulphuric acid. 
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Abstract 

Currently, nickel heat-resistant single-crystal (SX) alloys of the second generation are the most popular in the 

production of gas turbine blades. Direct crystallization technology for manufacturing of SX turbine blades is 

associated with the inability to fully utilize the potential of the alloy. Such a limitation is caused by the formation 

of shrinkage micropores as well as limited geometrical complexity of part. Selective laser melting process can 

be utilized to overcome this problem. The influence of the selective laser melting process parameters on the 

microstructure of compact samples was investigated. Several sets of laser processing parameters were 

selected with the same value of volume energy density, hatch distance, but different scanning speed and laser 

power. The relationship between the laser bed fusion parameters and the width of gamma/gamma’ - phases 

was determined. 

Keywords: Selective laser melting, single crystal alloys, powder metallurgy, additive manufacturing 

1. INTRODUCTION 

The modern development of the selective laser melting (SLM) technology is primarily moving in two directions: 

the study of new alloys and possible new applications of additive manufacturing [1-3], and investigation of the 

influence of various SLM process parameters on density, structure and, as a consequence, the properties of 

the resulting products [4,5]. 

Nowadays, additive technologies are integrated to a low degree into existing technological chains, which is 

due to the relative scientific and technical novelty, the lack of standards and a poor understanding of their 

application possibilities. However, despite the problems listed above, the technology we are considering has 

a number of undeniable advantages over traditional methods of processing materials. The most obvious is the 

almost complete absence of restrictions in the topology of the resulting products, which makes it possible to 

optimize the existing and currently used structural elements of various technical units. Such an optimization 

entails a reduction in the total weight of the structures while maintaining operational properties and as a result 

increasing the efficiency of the end devices. As an example, we can consider bionic (topologically optimized) 

structures designed taking into account the results of the finite element analysis of the product in question 

state during operation. At the design stage all non-target load bearing zones are removed from the product 

body. The geometric complexity of such products does not allow them to be manufactured using traditional 

methods [6]. Research in the above-mentioned areas allows us to expand the boundaries of the selective laser 

melting technology application in various fields of the industrial sector. 

Search for new materials applicable to additive manufacturing and development of technologies for the 

production of parts from these materials are the driving force for future development of additive technologies 

[7,8]. An important role in improving the production process using additive technologies is the formation of a 

special structure and properties in manufactured products. This is achieved due to special crystallization 

conditions, the creation of which is possible directly during the manufacturing process [8]. The aim of this work 
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was to study the effect of the parameters of selective laser melting at a high temperature of heating the working 

zone on the properties of the formed material. 

2. EXPERIMENTAL METHODS 

The powder of heat-resistant nickel alloy used to obtain products by directional crystallization was used in this 

work. For research, nickel-based non-weldable alloy was chosen. This alloy is a common Russian second-

generation heat-resistant alloy, used for the manufacture of turbine blades. In this work, we used a powder 

obtained by plasma atomization of a rotating electrode. This alloy is used to produce turbine blades with a 

single-crystal structure for aircraft gas turbine engines using directional crystallization. Due to the significant 

content of intermetallic compounds in the phase composition of the alloy and the high rates of local heating 

and cooling, cracking occurs in the material during selective laser melting. To avoid this, it is necessary to use 

the heating of the working area to reduce temperature gradients and reduce the number of cracks. 

Table 1 Chemical composition of nickel-based alloy (wt%)  

Ni Cr Al Mo W Co Re Ta Nb C B 

Balance 4.9 5.9 1.1 8.4 9.0 1.93 4.1 1.6 0.12 0.01 

Alloy is a three-phase system consisting of a nickel-based γ-solid solution with an FCC crystal lattice, 

dispersion precipitates of the reinforcing γ'-phase based on the Ni3Al intermetallic and MC type carbides. 

Rectangular specimens with dimensions of 10x10x30 mm were made from Nickel alloy powder (the chemical 

composition is given in Table 1) using Aconity3D MIDI selective laser melting machine (Aconity3D GmbH, 

Germany). The machine is equipped with laser source with variable focal spot diameter with Gauss power 

distribution and a maximum power 1000 watts. Moreover, machine is equipped with a module to enable 

operation with platform preheating up to 1200 °C. 

E = P/(S · H · L), (J/mm3)      (1) 

Parameters of Selective laser melting (SLM) process differ in the value of the volumetric energy density (E) 

(Eq. (1)) and in the time of the laser beam movement. The E ranged from 60 to 120 J/mm3. Laser power (P) 

and scanning speed (S) were used as changed factors inside each group. Hatch distance (H) was set to 100 

µm and layer thickness (L) was set to 50 µm (Table 2). 

Table 2 Parameters of SLM process 

Specimens P (W) S (mm/s) E (J/mm3) 

1 300 1000 60 

2 600 2000 60 

3 450 1000 90 

4 900 2000 90 

5 450 750 120 

6 900 1200 120 

The chemical composition and microstructure of the specimens were analyzed on a Carl Zeiss Supra 55VP 

scanning electron microscope. Optical microstructure of the samples after SLM was examined on a Leica DMI 

5000 light optical microscope. 
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3. RESULTS AND DISCUSSION 

The particle size distribution of the powder is in the range: d10 = 28.6 µm; d90 = 92.3 µm, with an average value 

d50 = 55.8 µm. The powder has a particle shape close to ideal spheres, with a small number of surface defects. 

 

Figure 1 Particles of powder of non-weldable nickel-based superalloy. The type of detector used in survey - 

SE (a), BSE (b) 

The microstructure of the samples consists of cuboid ’-phase particles formed on the basis of the intermetallic 

compound Ni3Al distributed inside a  matrix of Ni(Al). The average ’ - phase particles size was 0.15-0.2 µm. 

Analysis of zones microstructure equally distant from the bottom of samples did not show dependence the size 

of the ’-phase particles on the parameters of the SLM process (Figures 2 a, b). However, a decrease in the 

’-phase particle size along the growing direction was found (Figure 3 a). 

 

Figure 2 SEM images of the SLM /’ microstructure at the top of specimens 1 (a), 6 (b) 

In the underside of the samples, ’- phase particles having a long, elongated shape, with traces of non-closed 

boundaries-solid solution are observed. This form may indicate a coagulation with a change in the morphology 

of the ’-phase particles. During the production of the samples, the lower layers were exposed to the heating 

temperature of the working platform for the longest time (>1000 °C). Thus, the initial stage of raft structure 

formation can occur in the lower layers of the samples. Such a structure is usually formed in samples of heat-

resistant nickel-based superalloy under high-temperature creep (Figure 2 b). 

a b 

a b 

500 μm 500 μm 
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We must emphasize that plastic deformation in the creep process occurs either by sliding dislocations in the 

matrix channels and bending the ’-phase particles or by cutting the particles with dislocations to form defects. 

The formation of a raft structure eliminates the possibility of metal deformation by these mechanisms and leads 

to the implementation of more complex mechanisms for the movement of screw dislocations. This mechanism 

requires high energy input if the ratio of the plates length to their width is >1. Thus, a more energy-efficient 

mechanism would be to cut the plates with a pair of dislocations, what is the cause of embrittlement of the 

lower layers of the sample. 

Despite the initial stage of combining the ’-phase particles into the raft structure plates, the production of the 

turbine blade will take much longer. Therefore, the lower layers will stay longer under conditions of high-

temperature creep which can lead to the formation of a full-fledged raft structure in the lower layers. 

The principle of layer-by-layer products manufacturing which is the basis of SLM technology leads to the 

limitations to preheating temperature values and manufacturing time of parts for the manufacture of single-

crystal gas turbine blades. 

 

Figure 3 BSE images of the SLM /’ microstructure at the top (a) and bottom (b) of specimen 6 

In the process of manufacturing parts using high heating of the working platform, it is necessary to limit the 

heating temperature of the platform not higher than the working temperatures for the selected alloy. 

4. CONCLUSION 

In this paper, samples were made using 6 parameter sets (Table 2) to study the effect of SLM process 

parameters on the /’ microstructure. For a comparative evaluation of the microstructure of the obtained 

samples, the size and shape of the ’ - phase particles were determined. Based on the data obtained, we can 

conclude that the scanning parameters do not affect the microstructure. However, during the study a regular 

change in the microstructure in the lower layers of all the samples was revealed. In the lower layers the initial 

stage of the cuboid structure ’-phase particles transition to the raft structure occurs. This transition occurs 

under the influence of the high heating temperature of the working platform (>1000 °C), as well as under the 

influence of internal stresses that occur in the samples during crystallization during the SLM process. 

500 μm 

a b 
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Abstract 

The aim of this study was to determine the influence of heat treatment on the microstructure of single-crystal 

nickel-based alloy manufactured by selective laser melting with a high-temperature substrate preheating. The 

change of gamma/gamma prime -phases ratio was established as a result of various heat treatment modes. 

Keywords: Selective laser melting, single crystal alloys, powder metallurgy, additive manufacturing 

1. INTRODUCTION 

Selective laser melting (SLM) is an additive manufacturing (AM) technology that allows the manufacture of 

metal products from a powder material [1]. Currently, there are many alloys available for manufacturing with 

this technology [2-4]. The complexity of the products’ shape practically does not affect the cost of products and 

the duration of their manufacture. Therefore, already now this technology has found application in the medical 

field, where complex-shaped metal products with a developed surface are required to improve biofouling. In 

the aerospace industry, the SLM technology is also used to manufacture products of complex shape with 

internal channels and cavities [5]. The use of such products in the airframe design will reduce the weight of 

the aircraft [6]. In addition, it becomes possible to quickly manufacture parts upon request, if necessary, to 

replace them [7, 8]. In the case of using such parts in engine elements, it is possible to achieve greater fuel 

efficiency and less emission by creating more optimal conditions for the movement of gas flows and fuel 

combustion [9]. For the hot part, the most demanded material is nickel alloys. In the SLM technology, good 

weldability of the alloy is very important in order to obtain defect-free parts [10]. Therefore, most of the works 

are devoted to the study of weldable alloys, such as Inconel 718 [11-14]. However, the high-temperature 

strength of such alloys is lower, which limits their use to less heat-loaded areas of the engine. For use in the 

flame tube zone, as well as in the hot part of the turbine, it is necessary to use alloys with a high content of the 

intermetallic phase. However, such alloys have a much lower weldability, which leads to the formation of 

defects when trying to obtain high-quality products by the SLM method due to significant temperature gradients 

during laser heating [15,16]. As one of the ways to prevent the formation of defects, heating of the working 

platform and the parts themselves is used in the process of manufacturing the part [15-17]. It helps to reduce 

thermal gradients and reduce thermal stress values. However, due to the fact that these preheating 

temperatures can be higher than the operating temperatures of the alloy used, and the duration of the 

manufacturing process can be up to several hours, it is important to understand what changes occur with the 

alloy structure. But besides this, there is the possibility of carrying out heat treatment directly inside the SLM 

machine. Therefore, the purpose of this work was to study the effect of heating the working platform of the 

machine after the high-temperature SLM process on the structure parameters. 
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2. EXPERIMENTAL METHODS 

For the manufacture of test samples, we used a powder of a heat-resistant nickel alloy obtained by plasma 

atomization of a rotating electrode. Alloy is a three-phase system consisting of a nickel-based γ-solid solution 

with an FCC crystal lattice, dispersion precipitates of the reinforcing γ'-phase based on the Ni3Al intermetallic 

and MC type carbides [18]. The chemical composition of the alloy is shown in Table 1. 

Samples were made on the Aconity3D MIDI selective laser melting machine (Aconity3D GmbH, Germany). 

SLM parameters resulting in the absence of cracks were selected based on our previous study [18]. The 

machine is equipped with laser source with variable focal spot diameter with Gauss power distribution and a 

maximum power 1000 watts. Moreover, machine is equipped with a module to enable operation with platform 

preheating up to 1200 °C. 

Rectangular specimens manufactured from the nickel-based superalloy (the chemical composition is given in 

Table 1) were exposed to heat treatment. 

Table 1Chemical composition of nickel alloy powder (wt%) 

Ni Cr Al Mo W Co Re Ta Nb C B 

Balance 4.9 5.9 1.1 8.4 9.0 1.93 4.1 1.6 0.12 0.01 

The heat treatment of the specimens was carried out according to the conditions: heating to 1200 °C, holding 

for 4 hours, cooling with platform. The heat treatment conditions were selected in accordance with the 

maximum heating temperature of the working platform. 

 

Figure 1 Heat treatment parameters 

After heat treatment specimens were cut and polished along the build direction. To highlight the microstructure 

specimens were etched with CuSO4, H2SO4 and HCl. Carl Zeiss Supra 55VP scanning electron microscope 

was used for microstructure analysis.X-ray diffraction analysis was carried out using a diffractometer Bruker 

D8 Advance (CuKα = 0.15406 nm) in the 2θ-range of 30-100 with a scanning step of 0.020 and exposition of 

1.5 s at every step. Structural parameters were refined by the Rietveld method, crystal density for equiatomic 

alloys was calculated from the mass and lattice parameter using the TOPAS5 program. 

3. RESULTS AND DISCUSSION 

The microstructure of the obtained samples consists of elongated cells located mainly along the growing 

direction of the samples γ - solid solution with scattered particles γ’ - phase formed on the basis of the 

intermetallic compound Ni3Al (Figure 2), which in turn consist of cuboid microparticles with an average size of 

~200 nm (Figure 2). 

1200 

240 

t (min) 

T (°C) 
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Figure 2 SEM images of the /’ microstructure after SLM 

Nb and Mo carbides are isolated along the boundaries of the γ‘ - phase cells. The presence of carbides of 

alloying elements improves the properties of heat-resistant alloys at temperatures above the solubility limit of 

the intermetallic γ’ - phase (Figure 3). However, at the same time, their presence leads to the formation of 

micropores of shrinkage origin. 

A significant decrease in the volume content of the γ’ - phase in the matrix is observed after heat treatment 

(Figure 3 a). Also, the γ’ - phase particles are enlarging and change their shape (Figure 3 b). 

 

Figure 3 SEM images of the /’ microstructure: a) after SLM; b) after heat treatment 

Figure 4 shows the phase composition of the sample before and after heat treatment. From the XRD results, 

it follows that heat treatment leads to the release of TaC and WC. It is possible that the formation of carbides 

is due to the decomposition of a supersaturated solid solution of carbon in the Ni lattice. The detailed 

diffractogram of the sample examined before heat treatment shows that the separation of the γ and γ’ phases 

is observed in the region of 750. The crystal lattice parameter of the γ-phase is a = 0.3589 nm, and the γ’-

phase is a = 0.3579 nm. The misfit value Δa = (ay - ay’) / ay’ for the sample before heat treatment was 0.003. 

Peak separation in the sample was not observed after heat treatment, which can be caused by the alignment 

of the lattice parameters of the γ and γ’ phases during heat treatment. The alignment of the parameters is 

perhaps due to a decrease in the lattice parameter of the γ - solid solution, caused by the release of carbides 

of alloying elements that the most increase the lattice period of the γ - solid solution, such as Ta, W, and others. 

Thus, a decrease in the volume fraction of γ‘ - phase cells can be associated with a change in the crystal lattice 

parameter and a change in the chemical composition of the phases. 
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Sample’s structure is characterized by a strong texture. The strong (110) peak of sample 1 indicates that the 

crystallites are preferably (110)-oriented along the surface normal. The orientation of the crystallites along the 

direction perpendicular to the plane (001) in sample 2 is observed, the March-Dallas ratio was 0.35. 

 
Figure 4 XRD pattern of the nickel-based superalloy samples 

4. CONCLUSION 

In this article, the influence of heat treatment on the structure and phase characteristics of a sample made by 

selective laser melting from a heat-resistant nickel alloy powder in the working chamber of the SLM installation 

was considered. It was found that during the heat treatment process in the machine, there is a significant 

decrease in the volume content of the γ’ - phase in the γ - solid solution. Moreover, the γ’ - phase particles are 

enlarging and change their shape. This phenomenon can be explained by a change in theγ- solid solution and 

γ’ - phase lattices caused by the alignment of the - solid solution and γ‘ - phase cells crystal latticesperiodsas 

a result of a change in the chemical composition of the phases. This alignment can occur due to the release 

of TaC and WC carbides and, as a result, the depletion of the γ - solid solution by the alloying elements Ta 

and W, which isthemostincreasethe lattice period of the γ - solid solution. 
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Abstract  

The conditions for mouldings experimental samples based on aluminum powders of various granulometric 

composition are presented. The optimal compositions of the charge for pressing, the technology were worked 

out and the specific pressing pressure was found out, which is 168 MPa. Specific density (2.27 - 2.29 g/cm3), 

Brinell hardness (2.10 - 2.13 MPa) and electrical resistivity (314 - 501 μΩ·m) were determined experimentally. 

The effect on the properties of the obtained samples of oxidation processes in the gas phase with different 

contents of oxygen ions at elevated temperatures up to 520 K and specific pressure up to 12 MPa was 

investigated. The concentration of oxygen ions varied from 53 to 70 wt%. The distribution of volume oxidation 

and its effect on the distribution of properties over the volume of samples were established. The hardness of 

samples in the near-surface layers increased by 36 %, in the centre of the sample by 32 %. This distribution of 

hardness indicates an almost uniform oxidation state of the samples throughout the volume. The increase in the 

average values of the density of samples by 4 %, hardness by 35 - 40 % and electrical resistance by 15 - 21 % 

was determined. 

Keywords: Aluminum powders, powder pressing, electrical resistivity, oxygen ions, volume increase 

1. INTRODUCTION 

The powder metallurgy finds the widest use for different working conditions of parts and products. By powder 

metallurgy methods, they produce products with special properties: friction and anti-friction parts of tribology 

applications, structural nodes and elements, tool and electrotechnical materials; composites of special 

purpose. The structure of powder aluminum alloys depends on the chemical composition of the alloy and the 

characteristics of the powder, the technological conditions in pressing, sintering, additive processes and 

secondary processing operations. Secondary technological operations (forging, rolling and extrusion) are able 

to increase the density and other functional properties of powder materials, which may exceed the properties 

of traditional deformable aluminum alloys [1].  

The functional properties of parts and nodes based on aluminum are improved by the oxidation method. 

Oxidation can be carried out by electrolytic methods, by microarc oxidation method [2-4]. 

Microarc oxidation of aluminum alloys can provide protective anodic spark coatings up to 400 microns thick. 

The formation of such coatings is possible in various electrolytes [5-7].  

Surface hardening and chemical resistance increase are implemented by methods of electrolytic oxidation in 

an electrolyte made up of organic acids. The ematal process was used to seal the oxide coating. 

Volume sintering with simultaneous hardening of powdered blanks provides additive technologies which are 

implemented on two options. 

One option corresponds to the term selective laser sintering. This option implements layered laser sintering of 

mouldings walls in a thin aligned layer of powder. In the second option, unlike the first, powder material is fed 
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directly to a specific place in which the energy is supplied, the process of forming a melt zone and moulding 

sintering are taking place [9-11]. 

Improving the structure and functional characteristics over the volume of mouldings based on aluminum 

powders is a crucial task, both scientific and practical. 

2. THE PURPOSE OF THE WORK  

To assess the possibility of volume oxidation in the oxygen ions media of mouldings based on aluminum 

powders in conditions of increased pressures and temperatures, to establish experimentally the degree of 

change in local and integral functional characteristics of mouldings.  

3. MATERIALS AND RESEARCH METHODS 

PA-0 aluminum powders and PAP aluminum powder were used as raw materials. The chemical composition 

of the components is presented in Table 1. 

Pressing of mouldings based on aluminum powders is implemented in cylindrical press die in the conditions 

of bilateral pressing at 25 ºС and specific pressure of 168 MPa according to the classical technology of powder 

metallurgy. The composition of the charge for pressing is presented in Table 1. The duration of mouldings 

holding at maximum pressure was 5 minutes, the pressure of mouldings pressing out was 33 MPa. 

Table 1 Chemical and granulometric composition of aluminum powders 

Name Al 

(wt%) 

Fe 

(wt%) 

Si 

(wt%) 

Cu 

(wt%) 

Moisture 
 (%) 

Grain size 
composition (µm) 

Content in the 
mouldings material 

(%) 

PA-0 98.88 0.50 0.40 0.02 0.20 200 - 250 93 

PAP 98.99 0.35 0.40 0.05 0.25 1 - 30 7 

The density of mouldings was determined by hydrostatic weighing and calculated by formula (1): 

ρ = m1 x ρ1 (m1 - m2) (1) 

where: m1 and m2 - the mass of the samples defined in the air and submerged in liquid, respectively; ρ1 - fluid 

density (g/cm3). 

The hardness was measured with Brinell test using the 4.0 mm diameter ball and the 1.05 kH effort application 

for 30 seconds. 

Electrical resistivity was determined on the device P 480.  

The compression strength was determined on cylindrical samples with a diameter of 20 mm and a height of 

20 mm. The tests were carried out on a FP - 100 test machine. 

The oxidation of the mouldings was carried out in the autoclave at a pressure of 6.5 MPa and a temperature 

of 510 K in the oxygen ions media. The oxidation time was 30 minutes. The cooling was carried out with the 

autoclave. 

4.  RESULTS 

For the preparation of the charge, subsamples of 930 grams of aluminum powder (PA-0) and 70 grams of 

aluminum powder (PAP) were taken. The subsamples were mixed in a vibrating mixer for 30 minutes until the 

components were distributed homogeneously by volume. The mouldings were pressed in accordance with 

section 3.  
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The characteristics of the mouldings samples were determined by the methods outlined in section 3 and 

presented in Table 2. 

Table 2 Parameters of mouldings characteristics prior to the oxidation process 

Sample No. Density  

(g/cm3) 

Hardness HB 

(MPa) 

Compression strength 

(MPa) 

Electrical resistivity  

(μΩ·m) 

1 2.293 2.223 37 314 

2 2.271 2.192 39 326 

3 2.275 2.137 41 367 

4 2.267 2.133 43 385 

5 2.264 2.108 44 501 

6 2.270 2.189 42 478 

Table 2 tested data show that the average density of samples is 2.52 g/cm3, the average hardness is 2.164 

MPa, the average electrical resistivity is 395 μΩ·m and the average compression strength is 41 MPa. 

The obtained samples were processed by autoclave oxidation in media containing different concentration of 

oxygen ions. The diffusion activity of oxygen ions in high pressure conditions up to 6.5 MPa ensured the 

process of mouldings oxidation over their volume. Characteristics of oxidized mouldings samples are 

presented in Table 3. 

Table 3 Characteristics of oxidized mouldings samples 

Sample 
No. 

Oxygen 
ions 

(%) 

Weight 
(g) 

Weight 
increase 

(%) 

Diamete
r(mm) 

∆D 

(%) 

Height 
(mm) 

∆l 

(%) 

HB 
(MPa) 

Strength 

(MPa) 

Electrical 
resistivity(μΩ·m) 

1 53.2 14.97 4.2 20.2 1.0 20.8 1.5 3.01 78 361 

2 53.2 15.73 4.5 20.3 1.5 22.0 1.8 3.01 79 366 

3 56.9 16.21 4.7 20.3 1.5 22.4 2.1 2.87 74 445 

4 56.9 16.21 4.8 20.4 2.0 23.0 2.2 2.93 76 446 

5 70.1 16.14 4.5 20.3 1.5 22.7 1.3 2.84 73 562 

6 70.1 15.60 3.8 20.1 0.5 21.9 0.8 3.03 79 550 

The results of the studies presented in Table 2 and Table 3 showed that the hardness of the processed 
mouldings samples increased by an average of 40.7 %, the electrical resistivity increased by 14.9 %, and the 

compression strength increased by almost 2.09 times. 

The average increase in weight was between 3.8 and 4.8 %, the diameter (∆D) was increased by 0.5 to 2.0 %, 

the length (∆l) was increased by 0.8 - 2.2 %. 

It is important to distribute the characteristics of the samples over their volume. The distribution by volume of 

Brinell hardness samples is presented as an example. To this end, the samples were cut in height into two 

equal parts after pressing and oxidation process. On upper, middle and lower surfaces of the sample at 0.25 

radius (R) intervals, starting from the centre of the surfaces, the Brinell hardness HB was determined. The 

hardness distribution results are presented in Table 4. From the analysis of the obtained results, it follows that 

the samples after pressing have the hardness in the centre lower by 1.8 - 1.9 % than near the outer surface.  

Samples after the oxidation process on the upper radius have a difference of up to 1.4 %, on the lower radius 

- 0.99 %, on the central radius - 0.72 %. Height along in the centre of samples the difference between the top 

and the middle for samples after pressing is 1.4 %, for oxidized samples is 0.16 %.   
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Table 4 Distribution of the hardness HB (MPa) of moulding samples by height and radius (R) before and after  

             the oxidation process 

Height 

 

0.00 R 0.25 R 0.50 R 0.75 R 1.00 R 

Pressing Oxidation Pressing Oxidation Pressing Oxidation Pressing Oxidation Pressing Oxidation 

Top 2.18 3.018 2.19 3.039 2.201 3.040 2.20 3.049 2.22 3.052 

Middle 2.15 3.020 2.16 3.022 2.181 3.027 2.18 3.033 2.19 3.042 

Bottom 2.19 3.025 2.19 3.043 2.203 3.051 2.21 3.053 2.22 3.055 

The difference in hardness in the outer radius between the top and the middle for samples after pressing was 

1.3 %, and for oxidized samples 0.33 %. The calculations presented show that the diffusion processes of 

oxygen ions in autoclave oxidation conditions are well developed and provide a high homogeneity of properties 

over the volume of samples. 

5.  CONCLUSIONS 

Volume oxidation of mouldings based on aluminum powders in conditions of increased pressure up to 6.5 MPa 

and temperature up to 510 K in the oxygen ions media allowed to increase the Brinell hardness by 40.7 %, to 

raise the electrical resistivity by almost 15 % and increase the compression strength by 2.09 times. It was 

established experimentally that the hardness of the samples after the volume oxidation process is almost 

evenly-distributed over the volume, the maximum difference in Brinell hardness values does not exceed 

0.33 %. 
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Abstract 

Thanks to the specific sensitivity of lead to volatile organic compounds (VOC), it is possible to use lead as an 

indicator of contamination of the indoor atmosphere of depositories of archives and museums where VOCs 

are typical pollutants. The classification of corrosion aggressiveness of indoor environments based on the 

determination of the corrosion rate of reference metals is given by the standard ISO 11844-1 which was 

recently supplemented with lead. Established techniques for determining the corrosion rate of lead are not 

sensitive enough to monitor the corrosive aggressiveness of the indoor environment. The aim of this project 

was to develop a promising, highly sensitive method for measuring the corrosion rate of lead in the indoor 

atmosphere. Innovative highly sensitive electrical resistance lead sensors have been developed for this 

purpose. At the same time, a low-cost alternative sensor working on the electrochemical principle was 

developed employingsingle frequency impedance measurement for indicating variations of surrounding air 

aggressivity.  The sensitivity of such a sensor was observed to behigher than that of the traditionalelectrical 

resistance sensors.  

Keywords: Lead, high-sensitivity sensor, atmospheric corrosion monitoring 

1. INTRODUCTION 

The specific case of lead corrosion, i.e. in the presence of organic pollutants (especially acetic acid vapours 

accelerate atmospheric corrosion of lead even at concentration 0.1 - 1 ppm [1]), is typical for museum 

environments due to the presence of organic substances (with the concentration lower than 500 ppb [2]) 

released from the enclosure materials [3]. Due to the high number of possible pollutants inside the building, 

the costs and technical problems associated with their monitoring, only relative humidity and temperature are 

monitored in most institutions. At the same time, real information about the aggressiveness of the given 

environment is necessary for effective protection of metal objects.  

Atmospheric corrosion monitoring by means of electrochemical sensors is based on recording galvanic current 

flowing between to different metals exposed side-by-side in the air or on recording an impedance response of 

a pair of identical metal electrodes loaded with alternating electrical signal. The response of both the 

techniques depends on formation of an electrolyte layer, its thickness, conductivity and aggressiveness 

towards the metals. The evaluation of the aggressiveness of the environment is in real time and the 

measurement makes it possible to estimate the instantaneous corrosion rate [4-7]. Many types of 

electrochemical sensors are commercially available, but these sensors do not work with lead as the metal 

whose corrosion rate to be determined.  

The rezistometric method according to ASTM G96 [8] and ISO 11844-2 [9] uses a sensor (consisting of a 

specific and a reference part) made of the monitored metal that is exposed to an aggressive atmosphere and 

the electrical resistance is measured, which increases with the loss of metal trace due to corrosion. Thanks to 

the integrated reference part in the sensor, changes of resistance due to changes in ambient temperature are 

compensated. The advantage of this technique is its applicability in a non-conductive environment, including 
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atmosphere, and continuous monitoring of corrosion depth [4-6]. The sensitivity of electrical resistance sensors 

is limited by the thickness, width and length of the lead track. Thin lead foils are considerably expensive. At 

the same time, commercially available AirCorr electrical resistance sensors (with design A and E), used for 

laboratory tests in model conditions (accelerated corrosion tests), are not sensitive enough to measure the 

corrosion rate of lead in atmospheric conditions with real (very-low) pollutant contents and relative humidity 

values. Our goal was to develop sufficiently sensitive sensors for measuring the corrosion rate of lead in an 

atmosphere with a low concentration of pollutants and at low values of relative humidity, which will allow the 

classification of the aggressiveness of the atmosphere according to ISO 11844-1 [10]. Using a commercially 

available material (lead foil from Goodfellow with a thickness of 25 µm), which is an affordable variant, the 

sensitivity of electrical resistance sensors can be increased only by modifying the design of current sensors 

(the electrical resistance sensor with design X developed in this investigation consisted of lead track twice as 

long aselectrical resistance sensor with design A). A low-cost alternative to the production of electrical 

resistance sensors is the production of an impedance sensor measuring the impedance between two identical 

electrodes formed by a system of parallel electrode plates, for the production of which expensive thin lead foils 

are not required. 

2. EXPERIMENTAL PART 

2.1. Electrical resistance (ER) sensors 

The ER sensors employed in this investigation (Figure 1) were manufactured by means of the printed circuit 

technique using a photolithographic process. The pattern (design A (lead track length 107 mm), E (lead track 

length 69mm) or X (lead track length 192 mm)) is transferred to a glass-fibre board laminated with lead foil (97 

wt% Pb, 1.5 wt% Sn, 1.5 wt% Sb, Goodfellow, thickness of lead foil 25 μm) after selective removal (UV 

development) of a photosensitive layer applied to the lead foil. The transferred pattern then serves as a 

protective mask during the lead foil etching process. After the lead etching process is completed, the laminate 

board with a lead track (according to design A, E or X) is thoroughly washed with distilled water and the 

protective mask is removed with ethanol. Subsequently, the reference part of the ER sensor is covered with a 

protective foil and the cables, which are then connected to the channels of the KEITHLEY control panel, are 

soldered with tin solder to the galvanically copper-plated contacts of the ER sensor. The contacts with the 

soldered cables and the foil protecting the reference part are finally coated with a two-component epoxy resin 

(UHU). 

2.2. Impedance sensor 

The impedance sensor developed and employed in this study (Figure 1) was prepared from 12 pieces of "L" 

shaped lead plates, thickness of lead sheet 1 mm) parallel arranged, insulated on both sides with adhesive 

tape, connected with two copper wires and fixed with a two-component epoxy resin Epoxy 1000 (CT). 

 

Figure 1 The ER sensors used in this investigation: ER probe with design E (A), ER probe with design A (B), 

newly developed ER probe with design X (C) and impedance sensor (D) 
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Impedance measurement was performed manually, using the ELC-133A LCR meter connected with the sensor 

by means of attached copper wires. 

2.3. Laboratory exposures 

Sensors were exposed into the closed boxes with the volume of 10 litres with a ventilator and a beaker with 

100 ml of acetic acid solution. Corrosive atmosphere was provided by aqueous (~100% relative humidity) or 

saturated Na2Cr2O7·2H2O (~52% relative humidity) solutions of acetic acid in various concentrations (0.001, 

0.01 and 0.1 moll-1). Before exposure, the sensorssurfacewas dry grinded with abrasive wadding (3M Scotch-

Brite CF-MF). 

3. RESULTS 

3.1. Response to changes in atmospheric conditions 

As shown in Figure 2 and Figure 3, all sensors reveal changes in exposure conditions. Readings from all 

sensors have shown humidity and concentration of acetic acid vapours dependency. For readings from the 

ER sensors, corrosion rate increased mostly when both factors (humidity and acetic acid vapours 

concentration) increased, while the impedance sensor responded also at lower humidity. According to 

Figure 2, the ER sensor with design A showed highest sensitivity to all exposure conditions. The ER sensor 

with design E showed sensitivity to increase in acetic acid concentration even at low humidity, but its service 

life is shorter than that of the ER sensor with design A and X. The presumption of an increase in the sensitivity 

of the ER sensor when extending the lead track (design X) has not been confirmed (Figure 2). For all the ER 

sensors, initial exposure conditions for starting detectable corrosion were identical (0.001 mol.l-1 acetic acid 

aqueous solution). 

 

Figure 2 Exposure of ER sensors in corrosive atmosphere  

(AA = acetic acid solution) 

According to Figure 3, readings of capacitance measured by using the impedance sensor (notably at a 

monitored frequency of 100 Hz) confirmed humidity changes during exposure. As can be seen from Figure 3, 
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during the first 72 hours of exposure of the impedance sensor in a corrosive environment, no impedance values 

were observed at the frequency of 100 Hz and 1 kHz due to the overload of the LCR meter. Readings 

measured with an impedance sensor at a constant frequency of 10 kHz showed a decrease in impedance 

values after adding acetic acid to the exposure (24 h). After the subsequent increase in humidity (while 

maintaining the same concentration of acetic acid) there was a significant decrease in impedance values while 

gradually increasing the values of capacitance for all monitored frequencies, a layer of corrosion products 

formed on the surface of the impedance sensor. With a further increase in the acetic acid concentration and a 

decrease in humidity, there was an expected decrease in capacitance values and an increase in impedance 

values; the corrosion rate is significantly higher than with a lower acetic acid concentration at the same 

humidity. The consequent increase in humidity increased the corrosion rate. The last increase in acetic acid 

concentration, while the humidity decreased, there was a significant increase in impedance values. Corrosion 

rate in 0.1M AA, 52% RH environment is higher than in 0.001M AA, 52% RH environment, but lower than in 

0.01M AA, 52% RH environment. 

 

Figure 3 Exposure of impedance sensor in corrosive atmosphere  

(AA = acetic acid solution) 
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Figure 4 Time evolution of the resistance during the exposure of ER and impedance sensors in corrosive 

atmosphere 

3.2. Variability of results 

Table 1 and Table 2 show variability of measured values for ER and impedance sensors in different exposure 

conditions by means of average noise value of the measured data and the noise extreme values (maximum 

positive value of noise (MAX) and the lowest negative value of noise (MIN)). In very aggressive exposure 

conditions (0.01M AA, 100% RH) occurs in the ER sensor a significant increase the noise values of measured 

data (Table 1), on the contrary, the impedance sensor measures significantly more accurately at all monitored 

frequencies (Table 2).In all other exposure conditions, the data measured by the ER sensors are significantly 

less noisy than the data measured by the impedance sensor.According to Table 1, after the subsequent 

pollution of the atmosphere with acetic acid the measurement with the ER sensor with design X is the most 

accurate. From the point of view of variability and reproducibility of measured data, ER sensors appear to be 

a more accurate method for corrosion monitoring of indoor atmospheres. 

Table 1 Variability of measured values for ER sensors in corrosive atmosphere 

 

design E design A design X 

θnoise MIN MAX θnoise MIN MAX θnoise MIN MAX 

air 0.000 -2.9 5.3 0.000 -2.0 2.2 0.000 -2.9 5.3 

0.001M AA, 52% RH 0.000 -11.1 6.8 0.149 -1.5 2.4 0.000 -1.9 0.5 

0.001M AA, 100% RH -0.004 -6.0 5.8 0.019 -2.2 4.4 -0.001 -1.2 1.1 

0.01M AA, 52% RH -0.004 -7.7 7.0 -0.002 -2.7 2.4 0.003 -1.4 1.1 

0.01M AA, 100% RH -0.133 -50.1 40.2 0.185 -132.7 140.8 -0.048 -93.5 98.2 

0.1M AA, 52% RH - - - -0.121 -0.7 0.6 -0.275 -0.5 0.5 
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Table 2 Variability of measured values for impedance sensor in corrosive atmosphere 

  

100 Hz 1 kHz 10 kHz 

θnoise MIN MAX θnoise MIN MAX θnoise MIN MAX 

air - - - - - - 0.030 -4.3 4.8 

0.001M AA, 52% RH - - - - - - 0.017 -61.1 29.1 

0.001M AA, 100% RH -0.002 -13.8 21.7 0.001 -13.4 20.9 -0.002 -86.3 90.2 

0.01M AA, 52% RH -0.006 -24.8 18.6 0.008 -24.6 19.7 -0.002 -19.5 19.0 

0.01M AA, 100% RH 0.009 -2.7 2.3 -0.008 -1.9 1.6 0.000 -1.8 1.7 

0.1M AA, 52% RH -0.579 -1360.5 586.3 0.141 -1306.8 545.5 -0.003 -178.2 80.6 

4. CONCLUSION 

The advantage of the newly developed impedance sensor is its low production costs and higher sensitivity to 

changes in conditions in the monitored environment (changes in acetic acid concentration even at low relative 

humidity), unfortunately the measured data are more loaded with noise than data obtained by means of ER 

sensors. A new modification of the ER sensor design (design X) did not provide a higher sensitivity when 

measuring corrosion attack than commercially available variants (design A and E), but it measures more 

accurately. The impedance sensor (10 kHz) has shown higher ability to indoor atmospheres corrosion 

monitoring than ER sensors due to higher humidity and pollutants concentration sensitivity. 
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Abstract 

Aluminum-based alloys (Al-Mg, Al-Si-Mg, Al-Zn-Mg, etc.) are intended for the manufacturing of parts subjected 

to intense stresses by cavitation erosion. This complex phenomenon includes both the hydrodynamic factors 

of the liquid and the microstructure, hardness and ductility characteristics of the material. The present paper 

describes a method of increasing cavitation erosion resistance by using the local TIG remelting technique of 

the AlMg3 alloys surface. The experimental tests were performed according to ASTM G32-2016 standard. The 

response of the material to each value of the heat input was investigated by measuring the mass loss as a 

function of the cavitation time and by analysing the damaged surfaces using the optical and scanning electron 

microscopy. It has been shown that the TIG surface modification treatment increases the resistance to 

cavitation erosion of the alloy, as a consequence of the higher chemical and microstructural homogeneity and 

finishing of the granulation. 

Keywords: Cavitation erosion, TIG melting, microstructure 

1.  INTRODUCTION 

Surface degradation of engineering components by cavitation erosion is due to the appearance, development 

and collapse of bubbles in liquids, as a result of pressure fluctuations, from values below the vaporization to 

values lots above that are inside the bubble. By the collapse of the bubbles, near the surface of the material, 

shock waves are generated whose pressure can reach 1 - 1.5 GPa and micro-jets whose speed reaches 

approx. 130 m/s [1-4]. They repeatedly hit the surface of the piece leading to plastic deformations, micro-

cracks and pinches, respectively cavities, by removing the material from the impacted area. Generally surface 

properties have a significant influence on the performance of components exposed by cavitation erosion. To 

improve the cavitation erosion behaviour of metals and metal alloys and to extend the lifetime of the 

components made from them, a series of surface engineering techniques are used to modify surface 

properties, such as thermal spraying, local remelting, thermochemical nitriding treatments, hard layer 

deposited by welding, etc. [3,4]. 

Al alloys are frequently used in the manufacture of components that operate under cavitation erosion 

conditions, such as cylinder liners, pistons, pumps, valves and combustion chambers. They usually have poor 

performance in cavitation erosion. 

This paper analyses a method of improving the cavitation erosion resistance by local surface remelting using 

the TIG electric arc. 
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2.  MATERIAL, EXPERIMENTAL PROCEDURE 

The investigated Al-Mg alloy, type EN AW - 5754 A (3.3535 Aluminum), which was delivered in the form of 

sheet with a thickness of 20 mm has the following chemical composition (in wt%): 95.29 Al; 3.15 Mg; 0.32 Si; 

0.29 Fe; 0.42 Mn; 0.24 Cr; 0.08 Cu; 0.12 Zn; 0.09 Ti. 

The local surface remelting was performed with the help of a device to which the TIG welding installation was 

attached (Figure 1). 

 

Figure 1 The experimental stand used 

The remelting parameters used are given in Table 1. 

Table 1 TIG regime parameters  

Number 
of layers 

Current 
Is (A) 

Voltage 
Ua (V) 

Welding speed 
vs (cm/min) 

Linear energy 
El = Is · Ua /(vs · 60) (J/cm) 

1 110 10.4 10 6864 

2 150 12 10 10800 

3 190 13.6 10 15504 

Other process data: 

 tungsten electrode diameter: 2.4 mm; 

 electrode distance - piece: 2 mm; 

 the step between two successive passes: 3 mm; 

 temperature between passes: 25 ºC; 

 argon flow rate used as shielding gas: 8 l/min. 

Subsequently, surface remelted samples for cavitation tests and microstructural studies were taken. 

Cavitation tests were performed in accordance with the international standard G32-2016 (the stationary 

specimen method) [5]. The test equipment contains a high frequency generator of 500 W, a transducer with 
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piezoceramic crystals, an amplifier for mechanical vibrations and a water vessel with cooling oil, in which the 

test specimen is inserted (Figure 2). The vibration frequency was 20 ± 0.2 kHz, and the vibrations amplitude 

was 50 µm. The distance between the sample and the tip of the sonotrode was 1 mm. The test medium was 

distilled water maintained at 22 ± 1 °C. 

 

Figure 2 Image of the experimental cavitation test stand 

For each structural state of the material, 3 samples were cavitated which testing surface was rectified and 

polished to remove any mechanically hardened layer that may form during their preparation. The total duration 

of each test was 165 minutes and was divided into 12 intermediate periods (one of 5 and 10 minutes and 10 

of 15 minutes each). 

At the beginning and at the end of each testing period, the samples were washed under tap water, distilled 

water, alcohol, acetone, dried under hot air and weighed. 

Before beginning and ending of each intermediate test period, the surfaces exposed to cavitation were 

examined with the naked eye and photographed with the high resolution Canon Power Shot A480 in order to 

reveal the degradation of the surface exposed to the cavitation attack. Weighing was done with an analytical 

balance whose accuracy is 5 decimals (up to 0.00001 grams). 

At the end of each intermediate test period "i", the corresponding weight loss mi, was determined. 

The cumulative eroded mass was calculated by the relation (1): 

mi = 



12

1i

i
m

                (1)
 

Based on the mass losses, the values of the erosion rates, corresponding to each intermediate period, were 

determined. 
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The analysis of the morphology of the damaged surfaces, after the completion of the cavitation tests, was 

performed by scanning electron microscopy. 

3.  RESULTS AND DISCUSSIONS 

3.1. Cavitation curves 

Figures 3 and 4 show the characteristic curves of cavitation erosion, which indicate the variation of the 

accumulated mass losses and the related erosion rates, with the attack time. The obtained data show that 

using remelting current values of 150 A, the mass losses, achieved after 165 minutes of cavitation attack are 

only 11.42 mg, and the erosion rate decreases to values of 0.08 mg/min. 

The explanation is based on the structural changes generated by the remelting process using TIG electric arc 

which is materialized by finishing the granulation and microstructure of the surface layer accompanied by an 

increase in hardness to values of 60…72 HV0.3. It is known that the finer the granulation, the larger the surface 

boundary between the grains, the higher the deformation resistance and the lower the cavitation erosion rate. 

 

 

 

3.2. Topography of surfaces eroded by cavitation 

Figure 5 highlights the macroscopic image of the sample surface after TIG remelting at three current values 

and subsequently subjected to cavitation attack at variable time durations. It is noted that until the minute 30 

the first two regimes of remelting maintain practically unchanged the aspect of the surface, and at longer 

durations appear and intensify both the number of pitting and their dimensions. For remelting currents of 150 

A, the surface damage is the smallest, and for currents of 190 A it is the most severe. These results are fully 

agreed with those of the cavitation curves from Figures 3 and 4. 

Scanning electron microscopy analysis, after finishing the cavitation test (165 minutes), of the remelted 

samples surface at a current of 150 A. Figure 6 demonstrates that this alloy suffers a degradation similar to 

metals with crystalline face-centred cubic lattice, meaning ductile fracture on the entire surface. Material losses 

occur in isolated regions with the formation of striated craters (cavities) with a flat bottom probably 

Figures 6 a,b. Metallographic investigations have shown that after the local surface remelting, the initial 

microstructure consisted of the α solid solution with Al base and the secondary phase Al3Mg2 undergoes an 

pronounced granulation finishing due to the increase of the melting subcooling [6,7].  

Figure 3 Comparisons of eroded masses 

depending on the attack time, specific to the 

three treatment regimes 

Figure 4 Comparisons of erosion rates 

depending on the attack time, specific to the 

three treatment regimes 
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Minutes 
Al-Mg Alloy TIG remelted at 

110 A current 
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150 A current 
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190 A current 
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135 
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Figure 5 Macroscopic appearance of the surface of the samples used at various cavity attack times 
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-a-                                                                            - b- 

Figure 6 SEM image of the WIG melted surface at 150 A and tested in cavitation for 165 min 

4.  CONCLUSIONS 

TIG arc remelting at a current of 150 A, of the AlMg3 alloys surface (EN AW - 5754 A), after 165 minutes of 

cavitation attack, favours a decrease of the mass losses by about 60 % compared to the usage of a remelting 

current of 110 A and by about 124 % using a current of 190 A. 

From the point of view of the rate erosion value towards which the curve v(t) tends, Figure 4, at 165 minutes, 

the decrease achieved by using a remelting current of 150 A is about 85 % compared to the use of a current 

of 110 A and double by using a melting current of 190 A. 

Typical topographies of the cavitated surface highlight a degradation specific to ductile fracture with the 

formation in isolated material areas of striated craters with a flat bottom. 
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Abstract 

Orthorhombic Ti2AlNb-based alloys are considered as promising materials for high-temperature applications 

in aero-engines due to their high yield strength, low-cycle fatigue, creep resistance. Additive manufacturing is 

a promising way of producing intermetallic alloy since it allows obtained complex-shaped parts without 

significant machining. At the same time, additive manufacturing of intermetallic alloys involves the use of high-

temperature preheating and requires post-processing by hot isostatic pressing or heat treatment. In this paper, 

Ti2AlNb-based intermetallic alloy was fabricated by SLM process with a high-temperature substrate preheating 

and subjected to various heat treatments and hot isostatic pressing to study their effects on microstructure and 

properties of the alloy. 

Keywords: Selective laser melting, additive manufacturing, orthorhombic alloy, heat treatment 

1. INTRODUCTION 

Intermetallic alloys based on titanium aluminides present a material class with high yield strength, low-cycle 

fatigue, creep resistance and a high working temperature up to 650 ºC [1,2]. Intermetallic titanium alloys are 

considered to be excellent candidates for replacing nickel-based heat-resistant materials in aerospace, 

automotive and energy industries due to their combination of physical and mechanical properties. Ti2AlNb-

based alloys with orthorhombic crystal structure(O-phase) have enhanced ductility and corrosion resistance 

compared to the alloys based on other aluminides and are considered as advanced alloys for manufacturing 

of gas-turbine engine parts [3]. Intermetallic titanium alloys are of particular interest for Additive manufacturing 

(AM) due to their hard machinability and high cost of production by conventional methods. 

AM of titanium aluminides usually requires utilization of high-temperature preheating, either by scanning with 

an electron beam for Electron Beam Melting process [4] or by preheating a substrate for Selective Laser 

Melting (SLM) process [5] to reduce residual stresses and supress crack formation. High-temperature 

preheating coupled with high cooling rates typical for AM processes might lead to inhomogeneous or 

metastable microstructure of alloys. Hence, a proper post processing including heat treatment or hot isostatic 

pressing might be required to achieve an optimal phase composition and microstructure of Ti2AlNb-based 

alloys. 

In the recent years, there have been studies devoted to heat treatment of Ti2AlNb-based alloys obtained by 

various techniques, e.g. spark plasma sintering, forging, hot pressing sintering [6,7]. They showed that by 

varying annealing and aging temperature and cooling rates it is possible to influence a morphology, quantity, 

and type of intermetallic phases as well as grains size. At the same time, microstructures of the alloys obtained 

by AM are generally significantly different from conventionally obtained alloys. Thus, it is needed to investigate 

effects of different heat treatment conditions on microstructure of the Additive Manufactured intermetallic alloy. 

In this paper, Ti2AlNb-based intermetallic alloy was fabricated by SLM process with a high-temperature 

substrate preheating and subjected to various heat treatments and hot isostatic pressing to study their effects 

on microstructure and properties of the alloy. 
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2. MATERIALS AND METHODS 

Gas atomized powder (Figure 1) of Ti-24Al-25Nb-1Zr-1.4V-0.6Mo-0.3Si (at%) alloy produced by electrode 

induction gas atomization (EIGA) and supplied by AMC Powders (China) was used in the SLM process. The 

particle size of the powder ranged from 14 to 52 µm with a mean particle size d50= 29 µm. 

 

Figure 1 SEM images of the gas atomized powder (GA) showing (a) surface morphology and (b) cross-

section of a particle 

The samples were manufactured by the SLM process using AconityMIDI (Aconity3D GmbH, Germany) system 

equipped with a 1070 nm wavelength fiber laser with a maximum power of 1000 W. Cylindrical samples with 

8 mm diameter and 15 mm height were fabricated for the investigation. The samples were fabricated on a Ti-

6Al-4V substrate, which was put on a molybdenum platform. The molybdenum substrate was inductively 

preheated to a set temperature, which was continuously controlled by a thermocouple under the molybdenum 

platform. The titanium substrate was then conductively heated by the molybdenum substrate before starting 

the SLM process. The process chamber was continuously flooded with high purity argon gas to achieve oxygen 

content in the chamber below 20 ppm. After the build process was finished, the platform and the samples were 
cooled down to room temperature with a cooling rate of approximately 5 ºC/min. The SLM parameter sets for 

different preheating temperatures that provide high densities of Ti2AlNb-alloy samples were established in the 

previous work [8]. 

Heat treatment at different temperatures was carried out in a vacuum furnace followed by furnace cooling.  

To measure phase transition points differential scanning calorimetry (DSC) analysis was performed using a 

SETSYS Evolution 18 analyzer. The heating was carried out in an argon flow (30 ml/min) in the temperature 

range from 200 °C to 1300 °C at a rate of 5 °C/min. 

The samples were cut and polished along the build direction (BD) for the microstructural characterization. Mira 

3 LMU TESCAN scanning electron microscope (SEM) in backscattered electrons (BSE) mode was utilized to 

evaluate the microstructures. Energy Dispersive Spectroscopy (EDS) was used for the chemical analysis of 

the samples and powders on the polished cross-sections. The phase composition of the powders and the 

fabricated samples was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) using Cu-Kα (λ = 0.15418 

nm) irradiation. 

The microhardness of the samples was measured using a Buehler VH1150 testing machine with 1000 g load 

10 s dwell time and tensile tests were carried out using an universal testing machine (Zwick/Roell Z100, 

Germany) with a tensile strain of 0.3 mm/min. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the microstructure of the Ti2AlNb-based alloy samples in the as-fabricated condition. The 

samples were fabricated using 700 ºC substrate preheating temperature to obtain crack-free material. The 
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microstructure of the as-fabricated alloy consists of intermetallic Ti2AlNb-phase. Melt pool boundaries can be 

distinguished in the BSE-images since they show slightly lighter contrast which might be attributed to a slightly 

higher Nb content and correspond to residual β-phase. 

(a)  (b)  

Figure 2 BSE-SEM-images of the Ti2AlNb-alloy sample fabricated by SLM using 700 ºC substrate 

preheating 

According to the DSC-results (Figure 3), the preheating temperature of 700 ºC is slightly above O→B2 

transformation temperature and the microstructure should consist mostly of intermetallic O (Ti2AlNb) phase. 

Additional holding at this temperature during the SLM process might induce B2→O transformation and result 

in a fully-O microstructure. 

 

Figure 3 The DSC-curve of the Ti2AlNb sample fabricated by SLM 

Fully-O microstructure is known to have low ductility and fracture toughness since it fully consists of brittle 

intermetallic compound [9]. For optimal mechanical performance it is recommended to have B2+O 

microstructure. In order to promote O→B2 transformation and obtain dual B2+O microstructure, heat treatment 

of the alloy is needed. Figure 4 shows SEM-images of the alloy microstructure after annealing at 950 ºC. It 

can be seen that annealing of the alloy resulted in B2+O microstructure with lamellar morphology. Lamellar 

B2/O-phase colonies can be seen inside the prior B2/β-phase grains. When the annealing temperature was 
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increased to 1050 ºC, B2+O microstructure was also obtained for the Ti2AlNb-based alloy. However, the 

volume fraction of O-phase significantly decreased. 

(a)  (b)  

Figure 4 SEM-images of the Ti2AlNb alloy after heat treatment at (a) 950 ºC and (b) 1050 ºC 

Additionally, hot isostatic pressing (HIP) was carried out using 1160 ºC temperature, 3 h holding time, and 

160 MPa pressure. The microstructure of the alloy after HIP is shown in Figure 5. After HIP, B2+O 

microstructure was obtained. Equiaxed B2-phase grains can be distinguished in the images. The B2-grain 

borders are characterized by the presence of O-phase precipitates formed during the cooling stage of the HIP. 

Fine acicular precipitates of O-phase can be seen inside the B2-grains. 

(a)   (b)  

Figure 5 SEM-images of the Ti2AlNb alloy after HIP at 1160 ºC 

As shown in Table 1, heat treatment and HIP can significantly affect the mechanical properties of the Ti2AlNb 

alloy fabricated by SLM. The as-fabricated condition showed the poorest mechanical properties for the tensile 

tests, but the highest microhardness since the alloy exhibited fully-O microstructure. Annealing resulted in a 

slightly improved tensile strength, but the alloy still had low strength and brittle deformation. After HIP, the 

tensile strength significantly improved and reached 1030 MPa without additional heat treatment. This might be 

attributed to decreased number of defects (pores, microcracks) during the HIP. 
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Table 1 Results of room temperature tensile tests of Ti2AlNb samples 

Sample Tensile strength (MPa) Elongation (%) Microhardness (HV1) 

As-SLM 450 - 568 

SLM + annealing at 950 ºC 690 - 395 

SLM + annealing at 1050 ºC - - 384 

SLM + HIP 1030 1.2 360 

4. CONCLUSION 

In this paper, Ti2AlNb-based intermetallic alloy was fabricated by SLM process with a high-temperature 

substrate preheating and subjected to various heat treatments and hot isostatic pressing to study their effects 

on microstructure and properties of the alloy. 

Heat treatment allowed to transform fully-O microstructure of the alloy to B2+O and improve its mechanical 

properties. Depending of the annealing temperature, volume fraction of O-phase can be changed. 

HIP treatment of the SLM-ed alloy significantly improved the tensile properties due to decrease in internal 

defects and transformation of fully-O microstructure to B2+O microstructure. 
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Abstract 

Ti2AlNb-based titanium matrix composites reinforced by silicon carbide particles/fibers have received great 

attention for light-weight aero-space applications at high service temperatures since titanium orthorhombic 

alloys demonstrate an attractive combination of mechanical properties, low density, and are suitable for matrix 

materials. Additive Manufacturing is a promising way of producing SiC/Ti2AlNb composites because it offers a 

possibility to produce parts with a high degree of design-freedom and good mechanical properties. In this work, 

Ti2AlNb-based alloy powder was blended with SiC whiskers and used in Selective Laser Melting process to 

produce bulk samples. Microstructure, phase composition, and microhardness of the obtained alloys were 

investigated with regards to SiC whiskers volume fraction. 

Keywords: Selective laser melting, additive manufacturing, Ti-22Al-25Nb, silicon carbide 

1. INTRODUCTION 

Ti2AlNb-based titanium matrix composites reinforced by silicon carbide particles/fibers have received great 

attention for light-weight aero-space applications at high service temperatures since titanium orthorhombic 

alloys demonstrate an attractive combination of mechanical properties, low density, and are suitable for matrix 

materials [1,2]. At the same time, traditional methods of manufacturing of titanium aluminide alloys are very 

labor- and time-consuming due to a complex chemical composition of such alloys, their brittleness at room 

temperature, and hard machinability [3,4]. 

Additive Manufacturing (AM) is a promising way of producing SiC/Ti2AlNb composites because it offers a 

possibility to produce parts with a high degree of design-freedom and good mechanical properties [5]. 

However, high cooling rates associated with AM require utilizing powder-bed preheating during the 

manufacturing process to avoid cracking of the material [6,7]. SiC-reinforced Ti2AlNb-based alloys have been 

produced using foil-fiber-foil method [8] and hot isostatic pressing [1,9] which showed promising results. The 

possibility of using AM techniques to obtain SiC/Ti2AlNb composites has not been investigated yet. 

In this work, Ti2AlNb-based alloy powder was blended with SiC whiskers and used in Selective Laser Melting 

process to produce bulk samples. Microstructure, phase composition, and microhardness of the obtained 

alloys were investigated with regards to SiC whiskers volume fraction. 

2. MATERIALS AND METHODS 

Gas atomized powder (Figure 1, a) of Ti-24Al-25Nb-1Zr-1.4V-0.6Mo-0.3Si (at%) alloy produced by electrode 

induction gas atomization (EIGA) and supplied by AMC Powders (China) was used in the SLM process. The 

particle size of the powder ranged from 14 to 52 µm with a mean particle size d50= 29 µm. The initial powder 

consists of B2/β-solid solution obtained due to rapid crystallization during the atomization process [10,11].  
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Si-TUFF™ silicon carbide whiskers with a mean diameter of 7 µm and length 100-500 µm were blended with 

the titanium alloy powder using a tumbler mixer and 12 h mixing time. 

 

Figure 1 SEM images of (a) the initialTi2AlNb-based alloy powder and the powder blended with (b) 5 vol.%, 

(c) 10 vol.%, and 15 vol.%. SiC whiskers 

The samples were manufactured by the SLM process using AconityMIDI (Aconity3D GmbH, Germany) system 

equipped with a 1070 nm wavelength fiber laser with a maximum power of 1000 W. Cylindrical samples with 

10 mm diameter and 20 mm height were fabricated for the investigation. The samples were fabricated on a Ti-

6Al-4V substrate, which was put on a molybdenum platform. The molybdenum substrate was inductively 

preheated to a set temperature, which was continuously controlled by a thermocouple under the molybdenum 

platform. The titanium substrate was then conductively heated by the molybdenum substrate before starting 

the L-PBF process. The process chamber was continuously flooded with high purity argon gas to achieve 

oxygen content in the chamber below 20 ppm. After the build process was finished, the platform and the 

samples were cooled down to room temperature with a cooling rate of approximately 5 ºC/min. The samples 

were produced using 700 ºC substrate preheating temperature and the SLM parameter sets were chosen 

based on the results of the previous work using the titanium orthorhombic alloy powder allowing to obtain fully-

dense samples [10]. 

The produced samples were cut and polished along the build direction (BD) for the microstructural 

characterization. Mira 3 LMU TESCAN scanning electron microscope (SEM) in backscattered electrons (BSE) 

mode was utilized to evaluate the microstructures. The phase composition of the powders and the fabricated 

samples was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) using Cu-Kα (λ = 0.15418 nm) 

irradiation.  

The microhardness of the samples was measured using a Buehler VH1150 testing machine with 500 g load 

10 s dwell time and. 
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3. RESULTS AND DISCUSSION 

Figure 2 shows the microstructure of the samples produced by SLM using SiC/Ti2AlNb powder blends with 

different SiC whiskers volume fraction. 

 

Figure 2 BSE-SEM-images of the Ti2AlNb-based alloy samples fabricated by SLM from SiC/Ti2AlNb-alloy 

powder blend with (a) 0 % (b) 5 %, (c) 10 %, and 15 % volume fraction of SiC whiskers 

When no SiC were added to the titanium orthorhombic alloy powder, the obtained alloy consisted of 

intermetallic Ti2AlNb O-phase. This is accordance with the DSC-data and Ti-22Al-xNb phase diagram [12] 

since the SLM process took place at 700 ºC substrate preheating temperature which corresponds to B2+O 

phase field close to single O-phase region. Addition of 5 vol% SiC whiskers did not result in precipitation of 

visible amount of secondary phase. However, primary β-phase grain boundaries became more distinguished. 

Increasing the volume fraction of SiC in the powder blend decreased the grain size of primary β/B2-phase in 

the alloy. At the same time, when volume fraction of SiC was increased to 10 % secondary phases became 

more pronounced and according to XRD results (Figure 3) TiC phase precipitates formed in the alloy. During 

the SLM process, SiC whiskers dissociated into Si and C and reacted with the titanium alloy melt resulting in 
in-situ formation of the secondary strengthening phase. Pure silicon and non-reacted carbon most likely 

dissolved in the titanium matrix forming a solid solution. Some residual B2/β phase can be seen in the BSE-

images in case of 10 and 15 vol% SiC blends. Silicon is a β-stabilizer and increasing its content in the alloy 

resulted in the formation of β-phase which can be seen in the images as a phase with light contrast. A fine 

lamellar B2+O microstructure can be seen inside primary β-grains. Further increasing of SiC volume fraction 

to 15 % significantly increased the fraction of TiC phase precipitates that are mostly located at the grain 

boundaries. At the same time, significant refinement of primary β-phase grains occurred due to introduction of 

new nucleation sites by addition of SiC whiskers. 
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Figure 3 The XRD results of the samples fabricated by SLM using SiC/Ti2AlNb powder blends 

Addition of SiC whiskers to the Ti2AlNb-powder altered the mechanical properties of the obtained alloy. As 

shown in Table 1, microhardness of the alloy significantly increases with addition of SiC whiskers. Addition of 

5 vol% of SiC to the powder blend resulted in ~46 % increase in microhardness, while addition of 10 vol% SiC 

increased microhardness of the alloy by ~80 % compared to the initial Ti2AlNb-based alloy. An increase in 

microhardness can be attributed to the formation of fine precipitates of TiC phase along with primary β/B2 

grain refinement. 

Table 1 Microhardness measurement HV1 results of the samples produced by SLM using SiC/Ti2AlNb powder  

             blends 

SiC (vol%) 0 5 10 15 

Microhardness, HV1 395±10 577±17 701±20 711±15 

4. CONCLUSION 

In this paper, Ti2AlNb-based alloy powder was blended with SiC whiskers and used in Selective Laser Melting 

process to produce bulk samples. Microstructure, phase composition, and microhardness of the obtained 

alloys were investigated with regards to SiC whiskers volume fraction. 

SLM process of SiC/Ti2AlNb powder blend resulted in in-situ reaction of titanium alloy melt with silicon carbide 

dissociated into Si and C and formation of fine TiC precipitates. Addition of SiC whiskers and formation of 

secondary phases during the SLM process led to primary β/B2 grain refinement. This resulted in a significant 

increase in microhardness of the alloy up to 711±15 HV1. 
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Abstract 

Currently, 3D-printing of smart materials is actively developing. Alloys based on intermetallic compounds Ni-

Mn-Ga and Ni-Co-Al are of great interest due to the ability to manipulate their deformation behavior by external 

magnetic field with much higher effect than in conventional magnetostrictive materials. These materials can 

be used not only as sensors, but also as elements of smart structures and actuators of modern power drives. 

In this study we synthesized Ni36Co37Al27 alloy by mechanical alloying with further plasma spheroidization and 

fabricated the samples by selective laser melting (SLM). Elemental Co, Ni and Al powders were used as initial 

materials for mechanical alloying process. The influence of mechanical alloying parameters on the physical 

and chemical properties of the obtained materials was investigated. It was found that the low-energy mode of 

the planetary mill provides mixing of the alloy components with the least amount of impurity. The final spherical 

powders for 3D-printing were obtained by plasma spheroidization followed by separation of 10-40 µm fraction. 

Selective laser melting was used to fabricate samples from synthesized Ni36Co37Al27 powder. The obtained 

samples had a two-phase γ+β-structure with a density from 5.41 to 7.27 g/cm3 and a hardness of up to 447 

HV. In the course of the work carried out, the most optimal modes for SLM printing from the Ni36Co37Al27 alloy 

were selected to obtain samples with maximal density under minimal ability to crack formation. 

Keywords: Magnetic shape memory alloys, mechanical alloying, additive technologies, powder metallurgy, 

plasma spheroidization 

1. INTRODUCTION 

Shape memory alloys are gaining increasing interest as functional materials for a wide range of applications 

in industry and medicine. Among this group of materials, ferromagnetic shape memory alloys (FSMA) stand 

out due to their capability to demonstrate high deformations (6 - 8 %) and high response frequency under the 

influence of a magnetic field. Due to their unique properties, they are suitable for sensors, actuators, energy 

applications, biomedical applications [1].  

The most studied FSMA systems are Ni-Mn-Ga (Heusler alloys). However, strong brittleness in the 

polycrystalline state and high cost significantly limit the practical application of these alloys. In this regard, 

more and more attention is attracted by nonstoichiometric two-phase (β and γ) systems based on Ni-Co-Al. 

These alloys have good ductility, low cost and availability of elements. 

Under the action of a magnetic field, the β-phase undergoes a thermoelastic martensitic transformation from 

B2-austenite (cubic) to twinned martensite of the L10 type (tetragonal), which is accompanied by deformation. 

The presence of the second phase can significantly increase the ductility and workability of the material. 

Depending on the concentration of Ni and Co and different conditions of heat treatment, the γ (A1) or γ ′ (L12) 

phase is precipitated, which have different mechanical properties [2]. The optimal composition to achieve 

appropriate functional and mechanical properties lies in a near-equiatomic ratio [3]. The authors [4] 

demonstrated the dependence of the temperature of the beginning and end of the phase transformation 
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β→L10, as well as the Curie temperature on the chemical composition of the alloy. It was found that small 

changes in Co concentration have a significant effect on the magnetic properties of the material. 

One of the rapidly developing methods to produce metal products is additive manufacturing. The most 

technologically advanced methods to produce metallic parts is selective laser melting (SLM). However, the 

first and one of the most critical stages in additive manufacturing process is development of powders with the 

necessary chemical, physical, and technological properties. The production method (hydriding, mechanical 

attrition, water atomization, and gas atomization) determines the degree of purity, morphology, and size of the 

powders. One of the most universal methods to produce spherical powders of various composition and with 

defined particle distribution is plasma spheroidization (PS). 

Since the feedstock material for this process is an initial powder of any irregular shape, it should have an 

appropriate chemical composition. Mechanical alloying (MA) is a comparatively simple and effective technique 

to obtain a powder of various compositions from pure raw elemental powders. The method of MA followed by 

PS was successfully applied for other metal alloys in [5].  

The aims of this work were (a) to obtain a spherical powder Ni36Co37Al27suitable for use in additive 

manufacturing by the methods of mechanical alloying and plasma spheroidization; (b) to print samples from 

the synthesized powder using the SLM method; (c) to investigate the structure and properties of the samples 

obtained; (d) to study the possibility of in-situ synthesis ofNi36Co37Al27 alloy during the process of printing from 

pure Co and NiAl powders. 

2. MATERIALS AND METHODS 

The elemental powders (all of them 99.5% purity) of Co (50-150 μm), Ni (71-250 μm) and Al (40-63 μm) were 

mixed (weight 30 g) to obtain the composition of 37Co-36Ni-27Al (at%) and then mechanically alloyed using a 

planetary mill Fritsch Pulverisette 4 in argon atmosphere. Steel balls with a diameter of 10 and 20 mm and a 

total mass of 600 g were used as grinding media. MA parameters were 150-300 (rotation speed of the main 

disk/rotation speed of the cup around its axis), 200/400 and 200/600 rpm. 

A dry grinding SD5 laboratory attritor produced by Union Process (USA) was used to produce a large powder 

batch by MA. The initial elemental powders were mixed to achieve the composition of the alloy and milled for 

13 h using stainless steel grinding media in an argon atmosphere with the rotation speed of 270 rpm and 20:1 

ball to powder mass ratio.  

Powders for additive manufacturing were produced using the Tekna TEK-15 (Tekna, Canada) plasma 

spheroidization unit. The Ar-H2 gas was used as the plasma forming gas. The feed rate of the powders into 

the plasma was 60 g/min and the plasma torch power was 15 kW. 

The MA and SP powders were printed using a SLM 280 HL machine with two fiber lasers with 1.07 μm 

wavelength and maximum power 400 W and 1 kW. The bulk samples of 10×10×10 mm size were produced 

for further investigation. The printing process was performed in a high-purity argon atmosphere. The printing 

parameters are listed in Table 1. 

Two powder alloys were chosen to study the in-situ synthesis: NiAl and pure Co (99.5 %). The powder mixture 

was prepared from the initial powders by mixing them in a tumbler mixer for 12 h. The time of mixing was 

chosen so that to obtain a uniform distribution of elements in the mixture. The bulk samples were synthesized 

using the AconityMIDI SLM system. The system is equipped with 1000 W fiber laser with 1060 nm wavelength. 

The preheating temperature was 900 °C. 

The morphology, microstructure, and chemical composition of the obtained powders and the bulk samples 

were studied using Mira3 Tescan scanning electron microscope with an EDX Oxford Instruments X-Max 80 

energy dispersive detector for X-ray spectroscopy. 
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Table 1 Laser printing parameters used in this study 

 
Laser 
power 

(W) 

Scan speed 
(mm/s) 

Hatch 
distance 

(mm) 

Layer 
thickness 

(mm) 

Rotation angle 
between layers 

(degree) 

Volume energy 

density 

(J/mm3) 

SLM 280 HL 180-300 150-550 0.06-0.12 0.05 33 69.4-200 

AconityMIDI 140 600-950 0.10-0.12 0.03 67 51.9-77.8 

X-ray diffraction and X-ray phase analysis was carried out on a Bruker Advance D8 diffractometer in the range 

of angles from 300 to 900 with a step of 0.020 and an exposure of 2 seconds at each step. 

The particle size distribution of the powders was studied using a Fritsch Analysette 22 NanoTec plus laser 

diffraction unit. To calculate the particle size distribution, the Fraunhofer model was used. The Archimedes 

method was used to study the relative density of the samples. Microhardness was measured using 
Microhardness tester Buehler Micromet 5103.  

3. RESULTS AND DISCUSSION 

From the results of microstructural analysis, it was found that complete dissolution of elements in the process 

of MA occurs in 25 hours for mode 150/-300, 20 hours for mode 200/-400, and 15 hours for mode 200/-600 

rpm. Table 2 shows the chemical composition of the synthesized powders. The presence of iron is caused by 

milling from steel balls in the process of MA. The smallest amount of grind is formed with the parameters of 

MA 150/-300 rpm. The EDS-maps (Figure 1) of the alloying elements in powder particles confirm that Co, Ni 

and Al are distributed relatively homogeneous. Thus, we can conclude that MA according to mode 150/-300 

rpm for 25 hours provides a minimum amount of grinding with complete dissolution of the elements. 

Table 2 Chemical composition of the samples 

Sample 
Time 

(hours) 
Co 

(at%) 
Ni 

(at%) 
Al 

(at%) 
Fe 

(at%) 

MA 150/-300 25 37.0 ± 0.4 36.2 ± 0.4 26.6 ± 0.3 0.3 ± 0.1 

MA 200/-400 20 36.2 ± 0.13 36.3 ± 0.7 25.9 ± 1.2 1.6 ± 0.8 

MA 200/-600 15 35.5 ± 0.4 36.0 ± 0.4 25.6 ± 0.4 2.9 ± 0.5 

MA attritor 13 37.3± 0.6 35.8± 0.7 26.5± 1.0 0.4± 0.1 

PS - 37.7 ± 0.4 37.0 ± 0.4 25.0 ± 0.2 0.3 ± 0.1 

SLM HL - 37.6 ± 0.1 36.3 ± 0.1 25.3 ± 0.2 0.8 ± 0.1 

 

Figure 1 EDS mapping of the powder after MA 150/-300 for 25 h 

In this work, we also investigated the method of MA using an attritor. This method has a higher productivity 

compared to a planetary mill and can be used to produce powder for use in additive manufacturing. In a ball 
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mill of the attritor type, due to the immobility of the container in which grinding occurs, the powder grinding 

mechanism is mainly implemented without shock effects. It has been established that at MA for 13 hours in 

the attritor, the elements are mixed similar to mode 150-300 rpm in a planetary mill with a comparable Fe 

content. The chemical composition of the resulting powder is shown in the Table 1. Figure 2 shows the EDS 

maps of the powder after MA for 13 hours. It can be seen from the figures that the powder has a homogeneous 

structure with a uniform distribution of elements over the volume of particles. 

 

Figure 2 EDS mapping of the powder after MA in the attritor for 13 h 

Spheroidization of MA powder was carried out in a low-temperature plasma flow. A large number of submicron 

particles formed on the surface of the powder, which were removed by air classification followed by treatment 

in an ultrasonic bath. The morphology of the powder and distribution of elements is shown in Figure 3. It can 

be seen that the resulting powder is mainly spherical, but there are individual particles of irregular shape. The 

formation of aluminum oxide is observed on the surface of the particles. A noticeable decrease in the 

concentration of aluminum (Table 1) is probably due to its low boiling point and evaporation of aluminum during 

the PS of the alloy. The particle size of the final powder was 10-40 µm. 

 

Figure 3 EDS mapping of the powder after PS 

X-ray phase analysis of the synthesized powders (Figure 4) showed the presence of a γ-phase with A1 

structure and a β-phase with a B2 structure. The absence of peaks of the martensitic structure indicates that 

the point of the beginning of the martensitic transformation is below room temperature. In a micrograph of an 

etched section of a powder (Figure 4) obtained with an optical microscope, the γ-phase looks like dark areas, 

and the β-phase - lightones. The phase ratio in the powder after treatment in a plasma jet was 21 % of the β-

phase and 79 % of the γ-phase. The average grain size is 5 microns. 

The XRD results (Figure 4) showed that the samples produced from SP powder have two-phase structure. 

The microstructure of the samples consists of dark grains of the β-phase, surrounded at the boundaries by the 

γ-phase. It was found that with an increase in the scanning speed, the samples are more prone to cracking 

during the SLM process, which is a result of higher cooling rates. On the other hand, high porosity was 

observed at a relatively low scan rate. These defects can be attributed to the entrapped gas originated from 

the raw material powders in the SLM process. In addition, aluminum due to low melting point may evaporate 
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into gas to form gas bubbles. The gas bubbles do not have sufficient time to escape from the molten pool to 

the pool surface and remain within the molten pool to form porosity defects of a spherical shape [6]. 

а) b)  

Figure 4 Micrograph of Ni36Al27Co37 powder (a) after PS and (b) X-ray diffractogram after SP and SLM 

The density of the obtained samples ranged from 5.41 to 7.27 g/cm3. The measured microhardness of the 

samples was in the range from 396 to 447 HV. The pores are mostly spherical, which suggests that these are 

gas pores. The gas pores might originate from different sources such as entrapped protective gas, melt 

vaporization or pores inside the powder particles [7]. The highest density was achieved at laser power laser 

power 225 W, scan speed 250 mm/s and hatch distance 0.12 mm, with microstructure with the least amount 

of visible defects. Flat tensile specimens produced according to these printing parameters showed a tensile 

strength of 510 MPa. 

The Figure 5 shows the results of EBSD analysis of samples in the build direction. Difference is only in hatch 

distance and scan speed parameters. In the sample with the larger hatch distance, the grains are elongated 

in the direction perpendicular to the bath surface, which is explained by the sequential crystallization parallel 

to the direction of heat removal. In the sample with a smaller hatch distance, no dendritic structure is observed, 

which is probably due to the thermal effect of the nearest tracks. 

 

Figure 5 Microstructure of sample prepared by SLM (a). Printing parameter: laser power 225 W, (b) hatch 

distance 0.12 mm, scan speed 250 mm/s and (c) distance 0.06 mm, scan speed 500 mm/s 

The composition of samples obtained by in-situ synthesis is characterized byγ- and β-phases (Figure 4). SEM 

images of the microstructure (Figure 6) show a large amount of undissolved Co. Raising the volume energy 

density (VED) should lead to better dissolution of the elements in the alloy. The porosity of the samples ranged 

from 3.8 to 13.1 %. 
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Figure 6 EDS mapping of the powder after PS 

The lowest porosity (3.8 %) was at the following print parameters: laser power 140 W, scan speed 600 mm/s, 

hatch distance 0.1 mm, layer thickness 0.05 mm. 

4. CONCLUSION 

In this study, a spherical Ni36Co37Al27 alloy powder was produced from elemental powders by mechanical 

alloying and plasma spheroidization. The resulting powder with a fraction of 10-40 μm had a two-phase γ + β 

structure. The parameters of printing parts from synthesized powder on the SLM 280HL machine were 

optimized. The resultant samples possess a tensile strength of 510 MPa and a microhardness of up to 447 

HV. The density of the samples ranged from 5.41 to 7.27g/cm3. The structure and phase composition of the 

produced samples was investigated. The possibility of in-situ synthesis of Ni36Co37Al27 alloy from pure Co 

powder and NiAl alloy was studied. The minimum porosity of the samples was 3.8 %. 
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Abstract  

TiNi alloy, also known under the commercial name Nitinol, is one of the best known shape memory alloys. 

Currently, there are many studies related to the possibility of obtaining this alloy using additive manufacturing 

technologies, especially selective laser melting. Some of these studies are devoted to the issue of obtaining 

lattice structures with different topology from TiNi alloy. Such structures could potentially find application in the 

medical field, as implants for various purposes. TiNi alloy has a sufficiently low modulus of elasticity, close to 

the elasticity modulus of a bone structures. In these works, it is assumed that the topology and porosity of the 

lattice structure of the TiNi alloy, produced by the selective laser melting method, influences the mechanical 

properties of the alloy. For a more complete analysis of this phenomenon, the presented research work was 

carried out. In this work, computer modelling of unit cells and full-fledged TiNi alloy lattice structures was 

carried out. Several strut based unit cell topologies were selected and modelled. Further, a volumetric lattice 

structure on the basis of the unit cell topologies was modelled and its mechanical properties were calculated. 

The modelling process is implemented with ANSYS 2019 R2 SpaceClaim finite element analysis package. 

The results of the work confirmed the presence of the influence of the unit cell topology on the mechanical 

properties of the TiNi alloy.  

Keywords: TiNi, nitinol, computer simulation, lattice structure, mechanical properties  

1. INTRODUCTION 

Nitinol, an equiatomic alloy of titanium and nickel, is one of several known alloys that are capable to exhibit 

shape memory effect. The alloy was patented in 1965 and was first used in the late 60s in aviation as a coupling 

for a hydraulic system pipeline [1]. Later, Nitinol began to be used in other areas of science and technology, 

in the role of temperature sensors, actuators, thermomechanical connecting elements, etc. [2]. The alloy is 

also used in the medical field: in orthopedics as medical tightening braces and other implants for the treatment 

of various diseases of the bone system, in dentistry as braces, in cardiology as stents and in other areas  

[1-3].  

The prospects for further expanding the applicability of Nitinol are inextricably linked with the development of 

modern technologies, in particular, with the additive manufacturing technologies. To date, there are many 

scientific works devoted to the production of products from the Nitinol (TiNi) alloy using additive manufacturing 

technologies and the influence of the process and processing parameters on the final properties of the alloys 

[4,5]. As a method of obtaining dense products from TiNi alloy, the selective laser melting method is most often 

considered [6,7].  

In addition to obtaining dense structures from TiNi alloys by the SLM method, it is also possible to obtain 

structures with a complex geometry - lattice structure. At the moment, there are several works devoted to the 

simulation and growth of such structures using the selective laser melting method, and the study of their 

properties [8-14]. These structures are promising for use in medicine as implants for various purposes. Nitinol 
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has a sufficiently low modulus of elasticity - about 48 GPa. This is close enough to the value of the elastic 

modulus of the human cortical bone - 12-17 GPa [14], but still higher than the value of the elastic modulus of 

the cancellous bone: 0.1-5 GPa [15, 16]. It is known that implants made of materials with high stiffness bear a 

significant part of the body load. Accordingly, the surrounding bone will experience less stress, which can lead 

to bone resorption at the interface between the implant and the bone and to gradual detachment of the implant 

[14]. The use of a porous (lattice) structure of an implant made of TiNi alloy will reduce the modulus of elasticity 

and bring it closer to the value of the bone modulus, which will reduce the risk of development of stress 

shielding effect [9, 14]. In existing studies, it is noted that the modulus of elasticity decreases with an increase 

in the porosity of the lattice structure. The existence of a relationship between the topology of a unit cell of the 

lattice structure and the exhibited properties of the alloy is also indicated [9]. However, a full-fledged study of 

this relationship has not been conducted. At the same time, in [10] it was noted that modelling can be 

implemented to predict the behavior of TiNi parts with different levels of porosity and topology. 

This paper presents the results of the first stage of the study of the effect of the topology of the lattice structure 

on the properties of the TiNi alloy. To implement the first stage of the study, a computer numerical simulation 

of strut based lattice structures with six different topologies of unit cells with different porosities was carried 

out. SC, BCC, and BCC-Z unit cells, previously presented in [9,10] and an S-FBCC unit cell [17], which was 

not previously presented in studies of TiNi lattice structures, were selected as topologies. Also, on the basis 

of works [18,19], devoted to implants made of Ti6Al4V alloy, two topologies of unit cells with negative Poisson's 

ratio were developed. Simulation of such unit cells from a TiNi alloy is carried out for the first time. Negative 

Poisson's ratio in implants will solve the problem of "detachment", described in [19]. Further, the following 

characteristics were calculated - elastic modulus, modulus of elasticity in shear, Poisson's ratio. On the basis 

of the calculated data, graphs of dependences of elastic characteristics on the topology of a unit cell were 

obtained. The obtained data confirm and more fully characterize the dependence of the properties of the alloy 

on the topology of the lattice structure. The results will be verified experimentally at the next stage of research. 

In the future, the research results will make it possible to develop a full-fledged technology for producing lattice 

implants with programmable properties from TiNi shape memory alloys grown by selective laser melting. 

2. METHODS 

 

a)  b)  c)  

d)  e)  f)  

Figure 1 Unit cell topologies: a - Type 1, b -Type 2, c - Type 3, d - Type 4, e - Type 5, f - Type 6 

For the study, 6 types of strut-based unit cell topologies were selected: Type 1 - SC, Type 2 - BCC, Type 3 - 

BCC-Z, Type 4 - S-FBCC, Type 5 and Type 6 - with negative Poisson's ratio. Unit cell topologies were built 

using ANSYS 2019 R2 Space Claim. Size of each cell is 222 mm. The porosity of each cell was varied - 

80 %, 70 % and 60 %. The porosity was varied by thickening the cell struts. Examples of unit cell geometries 
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with 80% porosity are shown in Figure 1. Lattice structures on the basis of each topology of a unit cell 

consisting of 5 cells along three axes (555) with corresponding porosities were generated. An example of a 

lattice structure with Type 4 unit cell topology is shown in Figure 2. The mechanical characteristics for the 

constructed lattice structures were further determined: Young's modulus (E), modulus of elasticity in shear (G), 

and Poisson's ratio μ. The determination was carried out using the numerical simulation of the compression 

experiment of the constructed lattice structures. The initial modeling data were based on the TiNi alloy with 

equiatomic composition: Young's modulus of austenite - 77 GPa, Young's modulus of martensite - 30 GPa, 

Poisson's ratio - 0.33, modulus of elasticity in shear - 29 GPa, density - 6500 kg/m3. 

 

Figure 2 Lattice structure with Type 4 unit cell topology  

3. RESULTS 

The mechanical characteristics of lattice structures with different topology of unit cells, obtained in the results 

of numerical computer simulation, are presented in Table 1, where is the porosity of the structure (80 %, 70 %, 

60 %), E is Young's modulus, G is the modulus of elasticity in shear, μ is Poisson's ratio, T is the thickness of 

the struts of the structure. For clarity of the obtained results, graphs of the dependence of Young's modulus, 

modulus of elasticity in shear and Poisson's ratio on the type of unit cell topology with division by the level of 

porosity were plotted based on the data from Table 1. Dependency graphs are shown in Figures 3, 4, 5, 

respectively. 

Table 1 Results of numerical computer modelling of lattice structures - mechanical characteristics 

 Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

E P08 (GPa) 7.06 0.78 3.61 1.31 0.61 0.61 

E P07 (GPa) 11.64 2.31 6.89 3.20 1.48 1.78 

E P06 (GPa) 17.05 5.27 11.58 6.40 2.76 3.65 

G P08 (GPa) 0.42 2.37 2.17 1.51 3.68 3.06 

G P07 (GPa) 1.18 3.94 3.69 2.72 5.85 5.14 

G P06 (GPa) 2.55 5.81 5.57 4.40 8.22 7.68 

μ P08 0.09 0.45 0.09 0.68 -0.13 -0.07 

μ P07 0.12 0.42 0.12 0.57 -0.08 -0.02 

μ P06 0.15 0.39 0.15 0.48 -0.03 0.05 

T P08 (μm) 640 430 400 320 420 370 

T P07 (μm) 820 540 510 410 530 470 

T P06 (μm) 980 640 600 490 630 570 
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Figure 3 Graph of the dependence of the Young's modulus of the lattice structure on the topology  

of a unit cell 

 

Figure 4 Graph of the dependence of the modulus of elasticity in shear of the lattice structure  

on the topology of a unit cell 

 

Figure 5 Graph of the dependence of the Poisson's ratio of the lattice structure on the topology  

of a unit cell  

As can be seen from the graph presented in Figure 3, the Young's modulus is directly dependent on the 

applied topology of the unit cell. The highest value of the Young's modulus for all porosity options is achieved 

for the Type 1 topology 17 GPa. With a porosity of 70 %, the Young's modulus was 11.6 GPa. Accordingly, 

when using the Type 1 topology with porosity from 60 to 70 %, the Young's modulus of the lattice structure will 
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be in the range of the Young's modulus of the human cortical bone. The lowest level of Young's modulus was 

shown by the Type 5 topology: at 80% porosity, Young's modulus was 0.6 GPa, and at 60 % - 2.8 GPa. Such 

indicators are within the elastic modulus of the cancellous bone. Structures with topologies Type 2, Type 4, 

and Type 6 also have rather low Young's modulus, close to the Young's modulus of cancellous bone. The 

structure with the Type 3 topology took an intermediate position - with a porosity of 80 %, the Young's modulus 

was 3.6 GPa. A further decrease in porosity led to an increase in Young's modulus to a level of 11.6 GPa, 

which is higher than Young's modulus of cancellous bone, but lower than Young's modulus of cortical bone. 

The opposite situation is observed in Figure 4. The lowest modulus of elasticity in shear level was shown by 

the Type 1 topology, while the Type 5 and Type 6 topologies showed the highest modulus of elasticity in shear 

level among the available topologies. Figure 4 also clearly shows the presence of a relationship between the 

topology of a unit cell and the final properties of the structure. 

Figure 5 shows that the Type 5 and Type 6 topologies have negative Poisson's ratio, as expected in the design 

of the unit cell. Accordingly, using the topology data, it is possible to obtain a lattice structure of auxetic 

materials from the TiNi alloy. At the same time, it can be observed that a decrease in porosity leads to a gradual 

increase in Poisson's ratio. The Type 6 lattice structure with 60% porosity already has the positive Poisson's 

ratio like in conventional materials. Note also that Type 2 and Type 4 topologies have very high Poisson's ratio, 

which characterizes these lattice structures as an elastic incompressible material. 

The data obtained are generally consistent with the scientific works of other authors.  In [9] structures with a 

unit cell topology similar to Type 1 (SC) were previously grown from TiNi powder with an almost equiatomic 

composition by the SLM method.  The cell dimension was similar to the cell dimensions in this work. With a 

porosity of 58 % and a strut thickness of 1000 μm, the resulting lattice structure had an elastic modulus of 20.5 

GPa. Similar results are presented in [8]. This practical value is quite close to the value of the elastic modulus 

obtained by computer simulation in our work for a structure with the Type 1 topology - 17.0 GPa with a porosity 

of 60 % and a strut thickness of 980 μm. In [9] a structure with a BCC-Z topology similar to the Type3 topology 

was grown. Structure unit cell size 2.332.332.33 mm, strut thickness - 650 μm, porosity 65%. Young's 

modulus of the network structure obtained by the SLM method was 16.5 GPa. In our work, Young's modulus 

for a structure with a similar topology Type3 and porosity of 60 %, obtained by computer simulation, was 11.58 

GPa. These are fairly close values. Some discrepancy, slightly more than that of the previously described 

structures with the Type 1 (SC) topology, can be explained by the difference in the sizes of the cells and struts. 

In our work, the cell size was 222 mm with a strut thickness of 600 μm, which is 50 μm less than the strut 

thickness of the structure in [9]. Larger cell size and thicker struts made it possible to obtain a higher value of 

the modulus of elasticity with a larger value of porosity by 5 %. Generally, we can confidently state that the 

values of the modulus of elasticity obtained during computer modeling are in close agreement with the real 

characteristics of the lattice structures of the TiNi alloy obtained by the SLM method. Accordingly, the rest of 

the data obtained for structures with different unit cell topologies and different porosities are indicative.           

4. CONCLUSION 

The modelling carried out in the presented work confirmed the existence of a relationship between the topology 

of a unit cell of the lattice structure and the mechanical properties of this structure. Highly porous TiNi lattice 

structures with different unit cell topologies allow the Young's modulus to be reduced to the level of cortical or 

cancellous bone. The theoretical possibility of creating auxetic materials from TiNi alloy has been confirmed. 

The possibility of modelling the mechanical characteristics of lattice structures with different topology of a unit 

cell makes it possible to develop lattice structures with programmable properties, which can become the basis 

for the development of a full-fledged technology for manufacturing implants from TiNi alloys by selective laser 

melting. The obtained results of computer modelling will be verified at the next stage of research.  
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Abstract 

The quality control of most castings concerns finished products and is carried out at special stands after the 

end of the production process. However, more and more foundries decide to use the so-called inter-operational 

quality control, the advantage of which is the earlier detection of defective products, which allows, among 

others to reduce production costs. This applies in particular to the automotive sector, whose products and 

services require special verification in terms of quality and functionality. The article presents a method of quality 

control of piston castings for combustion engines with the use of the US2D ultrasound scanner. It is a non-

destructive testing (NDT) device that controls 100 % of all products on a given manufacturing line. This allows 

the detection of many imperfections in the casting, e.g. porosity, cracks, location of the cooling channel in 

relation to the piston crown. Thanks to this, it is possible to quickly adjust the parameters of the casting process 

and prevent defective products from being shipped to the customer.  

Keywords: Aluminum alloys, castings of pistons for internal combustion engines, quality, automotive 

1. INTRODUCTION 

Due to the dynamics of economic changes, the quality of products and services has become an important 

criterion influencing the success of every enterprise. Continuous quality improvement can be achieved by 

directing efforts towards planning and preventing problems arising at the source. The concept of quality 

management understood in this way is called quality assurance [1], in which the main emphasis is placed on 

modern quality planning, product, process, or service improvement, their control, and the involvement of all 

personnel [2-4]. 

The interdisciplinary nature of quality, changes in its understanding, and the multitude of factors influencing 

quality made it decide, since 1986, to consider quality in the form of standards and legal regulations. In this 

way, first, the ISO 9000 series standards were created, then ISO 9001 and ISO / TS, which continuously reflect 

the construction of line management systems in enterprises [5]. Currently, all products delivered directly to car 

manufacturers comply with IATF 16949: 2016 standards. 

This applies especially to the automotive sector, where the so-called "Core quality tools", which include, among 

others process control at each section (Control Process CP) using various methods or tools [6,7]. New, 

stringent guidelines for reducing CO2 emissions have forced the need to design modern combustion engines, 

and thus the use of technologically advanced engine components. One of such parts is the piston having a 

special design, susceptible to any material and dimensional defects. It has therefore become imperative to 

detect non-compliant products at an early stage of production. 

2. PURPOSE AND SCOPE OF RESEARCH 

The aim of the study is the use of non-destructive testing, as inter-operational quality control, performed using 

ultrasound US2D for checking the pistons dedicated for internal combustion engines. 
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The tests were carried out, among others, on the GL1 production line at the Federal-Mogul Gorzyce - Tier 1 

(tier 1 suppliers work directly with OEM companies: "Original Equipment Manufacturer"). 

The scope of research includes: 

 a short description of the detection capabilities of the US2D ultrasound device,  

 identification of defects detected by US2D ultrasound and their analysis using the Pareto method. 

3. RESEARCH MATERIAL AND METHODOLOGY 

For the tests were selected piston castings for gasoline engines installed in Mercedes engines. The quality of 

the production process of selected piston castings was assessed by calculating the level of scraps. The US2D 

ultrasound scanner was used for the inter-operative evaluation of the casting quality, which was placed in the 

GL1 production line. The US2D device allows for the detection of defects located in the upper part of the piston 

casting (Figure 1). 

 

Figure 1 Schematic representation of test zones 

Due to the introduction of inter-operational control with the use of the US2D device, the following defects in 

castings can be detected:  

 folds (cracks between iron ring currier and cooling gallery),  

 porosities outside of firewall,  

 ring carrier - axial position,  

 ring carrier - bonding/adhesion,  

 porosities inside of the firewall,  

 cooling gallery - axial position,  

 cooling gallery - radial position and presence.  

The US2D ultrasound scanner is combined with a robot that will properly prepare the piston for examination. 

Figure 2 shows the US2D ultrasound machine installed in-line. The quality control of castings was carried out 

by an appropriately set ultrasonic probe. The reflected ultrasonic signals, processed with the help of algorithms, 

are given in the form of 2D and 3D on the monitor of the control panel. The operating steps of the US2D 

ultrasound scanner are shown in Figure 3. 

4. RESULTS OF RESEARCH 

The use of in-process tests/control is aimed at:  

 reducing the risk of sending a defective product and thus avoiding "engine scuffing" and the costs of its 

replacement or repair, 

 reduction of production costs. The earlier defective products are detected, the fewer operations will be 
performed on an incompatible product, and therefore less cost incurred by the company,  

 improving the efficiency of production lines.  
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Figure 2 US2D device integrated with machining line  

 

Figure 3 The operating steps of the US2D ultrasound scanner: a) defect identification, b) probe positioning,  

d) visualization of 2D ultrasonic tests, c) test results in 3D  

The use of ultrasound US2D is effective before casting the piston reaches the final size and shape. It is related 

to the measurement methodology and quality control requirements. 

Before the US2D installation, pistons were produced that had a simple design and operated in low-efficiency 

engines. Thus, there was no need to use precise defect detection devices. However, the introduction of 

advanced products made it necessary to use ultrasound scanners. Therefore, it is not possible to compare the 

size of shortages before and after the use of the US2D device, but only assess the potential risk of a lack of 

inter-operative control of newly designed products. Figure 4 shows a Pareto chart of engine piston casting 

defects detected by the US2D machine over a period of three months. 
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Figure 4 Scrap Pareto of piston casting defects for three months  

Using the US2D ultrasound scanner and analysing product defects on the basis of the Pareto chart, we can 

optimize the casting process by controlling its appropriate parameters. The most common defect is a so-called 

fold or discontinuity between the insert and the cast iron cooling channel. Figure 5 shows the fold and image 

on the US2D monitor. 

The analysis of defective piston castings (Figure 4) allowed to determine the causes of fold defects, which 

include:  

 argon distribution before casting not correct (Figures 6a, 6b),  

 water leak into die (Figure 6c),  

 salt core quality (surface too smooth) (Figures 6c, 6d),  

 die or salt core is too cold (Figures 6a, 6b),  

 alfin or salt core setting time is too long (Figures 6a, 6b).  

 

Figure 5 Folds check - by US2D: a) Sectional side view of the piston, b) top view 
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Figure 6 The causes of casting defects 

Eliminating the underlying causes the formation of the most common defects (Figure 6) showed a reduction 

of the scraps at the end of four consecutive months (Figure 7). 

 

Figure 7 The scraps at the end of four consecutive months 

5. SUMMARY AND CONCLUSIONS 

New economic and ecological requirements place more and more emphasis on the development of internal 

combustion engines in the area of reducing fuel consumption. This applies, inter alia, to increasing ignition 

pressure, higher cylinder temperatures, and direct reduction of friction in engine components. In addition to 

the increased need for sustainability, this will continue to foster innovation in ICE technologies. 
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Production plants must therefore implement new technologies that ensure better efficiency of the machine 

park and the quality of products and services. The products must therefore meet the highest standards and 

expectations of customers, and sales revenues - guarantee appropriate profits. 

The US2D device installed on production lines guarantees (with 100 % product control) that the defective 

product cannot get into the engine and reduces production costs by "shortening the path" from the occurrence 

of a defect to its detection. In addition, the possibility of continuous collection and correct reporting of data 

during the production process, through a properly designed infrastructure, allows for a quick response to all 

types of inconsistencies, which guarantees continuous optimization of the process. US2D devices are an 

effective way to reduce the costs of complaints and production, and they are a much cheaper alternative to 

non-destructive testing performed with the use of an X-ray/tomograph. 

On the basis of the research the following conclusions: 

 The use of the US2D ultrasound machine makes sense after casting the piston and before the next 
stages of production. This will allow to reduce costs and effectively detect piston defects during the 

production process. 

 Interoperative ultrasound examination of the pistons revealed about 2.8 % of defects. 

 The US2D ultrasound scanner significantly reduces the risk of installing defective pistons in modern car 
engines and eliminates the risk of high costs of potential customer complaints. 
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Abstract 

The aim of the work is a proposal of innovative technology of metal waste processing - sludges and filtration 

cakes from galvanizing plants. The paper deals with possibilities of zinc obtaining from waste of galvanic 

sludge, which arises during galvanic plating. A leaching process in an acid environment was optimized in the 

laboratory, resulting in separation of iron and organic components from sludge. The obtained leach was 

processed by means of the electrolysis in order to get pure zinc. Results of chemical analyses of individual 

products at the hydrometallurgical processes are presented in the article. 

Keywords: Galvanic sludge, zinc, leaching, electrolysis, chemical analysis 

1. INTRODUCTION 

Galvanic zinc plating is an electrolytic process during which a zinc coating generated by electrochemical 

dissolution of a zinc anode deposits on electroconductive materials, mostly on iron parts (a cathode). For the 

galvanic process the alkaline or acidic coating can be chosen. Today zinc plating is typically carried out in a 

diluted hydrochloric acid with additions of other agents. According to shapes and sizes, zinc plated parts are 

either hung on hooks on a galvanic rack (larger parts) or they are placed into a drum (small parts). All automatic 

bath lines involve technological processes: degreasing, pickling, surface activation, galvanic deposition of zinc 

layers, passivation of zinc layers and application of sealing paints. Using automated conveyors, parts are 

gradually dipped into degreasing baths, pickling baths and a bath for the surface activation. After the surface 

of parts was cleaned, a new zinc layer has been deposited on it using electric current. Subsequently, in order 

to increase the corrosion resistance the zinc coating passivation is performed, in case of need a sealing paint 

is applied. All the zinc plating process is completed by air drying of parts and returning back to conveying units. 

The result of these processes is a high quality smooth surface with a shiny zinc layer. A standard thickness of 

the zinc coat ranges between 8 - 12 µm. 

The technological process generates different kinds of wastes, such as pickling baths that have to be disposed 

after their saturation with dissolving metals, as they contain a high concentration of hydrochloric acid, zinc and 

iron. Rinsing water and spent pickle liquor are subsequently treated in four steps in neutralization stations. A 

resulting product of this treatment is a galvanic sludge that can contain up to 18 wt% of zinc and up to 8 wt% 

of iron. These concentrations are interesting enough for a proposal of an applicable recycling technology.  

VŠB - Technical University Ostrava, Faculty of Materials Science and Technology has obtained a grant for a 

project No. SS1020312 „Innovative technology of the closed loop water circulation in the electro-galvanizing 
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process and processing of metal waste - sludges and filtration cakes from the galvanizing plant“. One of aims 

of this project is the proposal of technology of the waste sludge processing and obtaining of elemental metals 

as secondary raw material. 

With rapidly developing galvanic plating, ever increasing attention has been focused on the galvanic sludge. 

Galvanic sludges feature a content of heavy metals, for example zinc, nickel, copper, cadmium and chromium. 

These sludges fall within hazardous waste by reason of potential releasing of metals to the living environment. 

Their disposal is carried out mostly by deposition [1,2]. In Germany sludge is disposed in incineration plants, 

if allowed by the sludge composition, or on hazardous waste dumps. One of often used possibilities of 

hazardous waste storage is its use for a protection and stabilization of abandoned parts of potash and salt 

mines [3,4]. At present every endeavor is made to avoid a negative impact related to sludge dumping and 

therefore various ways of processing are looked for. 

In India the research is oriented on the solidification stabilization and the following use of sludge as a structural 

material [5]. A manufacture of clay bricks with an addition of galvanic sludge, where immobilization of heavy 

metals can be improved by adding waste glass, is described in [6]. The modern technologies development in 

Ukraine includes above all the use of the galvanic sludge as an inert filler in structural materials [7]. The sludge 

utilization as a sub-base material stabilized by cement and fly ash is solved in [8]. At the Northeast Normal 

University, China, the galvanic sludge re-use for a preparation of new adsorbents for waste water treatment 

has been brought into focus [9]. 

Galvanic waste processing through a vitrification method is described in [10,11]. A lot of researches have been 

oriented on re-gaining of different metals from the galvanic sludge, e.g. zinc and iron [2], nickel and chromium 

[12] or copper [13]. The main problem is a varied composition and a high content of heavy metals. On the 

other side, the sludge is a potential secondary source of heavy metals. 

In accordance with the European Waste Catalogue sludges and filter cakes from neutralization stations belong 

among hazardous substances (cat. no. 11 01 09). These are sludges of a solid and powdery consistency, 

yellow-green to brown color and a neutral reaction. Several hazardous properties were identified in them (H5, 

H13, H14) [14]. Galvanizing plant OEZ s.r.o. Letohrad contractually hands over wastes of 11 01 09 group to 

World Resources Company, Wurzen, for recycling. Heavy metals (nickel, copper, zinc) can be recovered from 

galvanic sludges. These non-ferrous metal concentrates are delivered to metallurgical works as a free 

commercial product, where it is used as a raw material or a supplement for the production of primary metals 

or metal salts. 

František Kepák has presented a 

technology based on metals recycling from 

the galvanic sludge - Figure 1 [15]. This is 

a so-called “MAR-Process”, which allows a 

separation of non-ferrous metals from iron 

and chromium [16]. In the first step the 

ammonium carbonate is a leaching agent, 

80 % of non-ferrous metals is solved. An 

effectiveness of non-ferrous metals 

dissolution increases to 97 - 98 % due to 

further leaching by the diluted sulfuric acid 

and approximately 98 % of iron and 

chromium remains in the leach liquor that is 

dumped. Cu, Ni and Zn are selectively 

separated from leaching solution by solvent 

extraction performed in particular steps. 

 

Leaching 1 Leaching 2 

Extraction  1 

Extraction 2 

 Distillation 

Sludge H2SO4 

CO2 

Cu 

Fe, Cr 

Ni 

Zn 
NH3 

Figure 1 Block diagram of “MAR-Process” technology for 

galvanic sludge processing [16] 
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Electrolytic copper, nickel sulfate and nickel carbonate are final products. 

The aim of this work is a proposal of an applicable procedure of leaching of galvanic sludge samples obtained 

from various galvanizing plants using a suitable leaching technology, separation of iron and zinc and 

subsequent obtaining of metal zinc through electrolysis. 

2. EXPERIMENTS 

Galvanic sludge samples were obtained from 6 different galvanizing plants in Olomouc Region and Moravian-

Silesian region. Results of X-ray analyses determined zinc content ranging between 5 to 35 wt%, 4 - 12 wt% 

of iron and up to 2 wt% of Cr. In one case a high content of manganese about 8 wt% was found out, too. 

Galvanic sludges from different galvanizing plants were processed in following ways: At first damp samples of 

waste sludge were treated by drying at approximately 100 °C and then homogenized by hand milling to an 

appropriate size of particles. The following solutions were used for the leaching process: 18% sulfuric acid, 

12% nitric acid or 7% hydrochloric acid. Leaching was performed at temperatures of 40 °C or 60 °C, with an 

addition of hydrogen peroxide or ozone blowing. The aim of these experiments was to optimize the leaching 

process and to achieve the maximum dissolution of metals of interest from sludges. Partial results have been 

presented in [17]. It was found out that when sulphuric acid was used for leaching, a noticeable transition of 

metal elements to the leach occurs. 

A content of zinc, iron, nickel and other metals in solutions was determined by a method of atomic absorption 

spectrometry (AAS) with the atomization process in a flame. Varian AA 280Z spectrometer was used, including 

the integrated diluter system. The highest standards for a calibration curve were 2.5 mg/l for zinc and 5 mg/l 

for iron and nickel. The samples were stabilized by nitric acid. 

In order to separate zinc from other metals, precipitation of the leach after acidic leaching through NH4OH was 

used. 10 g of the sludge sample was always dissolved in 100 ml of the acid (see Table 1). The solution was 

diluted to 200 ml and while slowly adding concentrated NH4OH, Fe(OH)2 precipitate occurred. By adding 2 ml 

of H2O2 hydrogen peroxide, ferruginous consistent precipitate Fe(OH)3 was formed. A filtration followed, then 

rinsing in 100 ml of distilled water and in the end the precipitate was dried up. The results of X-ray analyses 

(DELTA X Professional handheld x-ray spectrometer, ED-XRF method, SDD for radiation detection) for the 

particular samples after the above mentioned processing are shown in Table 1. 

Table 1 Results of X-ray chemical analyses of precipitates (wt% or wt. ppm) - an average of three 

 measurements 

Leaching Zn Fe Mn Ni Cu As Zr Mo Cd Sn Pb Cr Hg 

65% HNO3 4.4 14.5 1690 70 90 20 20 10 --- 50 100 5940 --- 

20% H2SO4* 0.2 29.0 730 50 450 60 10 80 --- --- --- 550 --- 

20% H2SO4** 4.7 14.2 1010 20 70 20 20 10 40 --- 30 340 --- 

20% HCl 20.2 17.2 2320 210 410 80 100 10 110 100 80 7370 140 

* - the solution heated to 80 °C for a period of 30 min after H2O2 addition; ** - temperature 21 °C after H2O2 
addition. 

After dissolving in 20% H2SO4**, the leach contained 4240 mg/l of Zn and 0.17 mg/l of Fe (AAS analysis). 

After dissolving in 20% HCl, the leach contained 4160 mg/l of Zn and 0.13 mg/l of Fe (AAS analysis). 

The results imply that the leach contained zinc, the Fe content was at minimum. So after leaching in sulphuric 
acid and subsequent precipitation using NH4OH, a significant separation of zinc from iron occurred. 
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The sludge with weight of 10 g from different suppliers was dissolved in 100 ml of 20% H2SO4 for a period of 
4 hours. A filtration of undissolved solids followed, where the solid undissolved proportion was washed by 
distilled water and dried at 110 °C for a period of 24 h. The filtrate was then precipitated using 25% solution of 
NH4OH. The formed precipitate was oxidized using 20 ml of H2O2 for a period of 3 hours; afterwards the 
precipitate was washed and dried at 110 °C. The samples of the particular filtrates were analyzed for zinc, 
iron, nickel and copper content - see Table 2. 

Table 2 Chemical analyses of filtrates (AAS) - weights and contents of elements in solids after dissolving in  
 H2SO4 and after the precipitation of iron using ammonia. A composition of the delivered sludge after  
 having been dried-up is given as well (X-ray analysis)  

Supplier 

After leaching 

in 20% H2SO4 

(g) 

After 

coagulation 

in NH4OH (g) 

Zn 

(mg/l) 

Fe  

(mg/l) 

Ni  

(mg/l) 

Cu  

(mg/l) 

Zn* 

(wt%) 

Fe*  

(wt%) 

Ni* 

(wt%) 

Cu*  

(wt%) 

D 1.0 1.69 3394 0.223 --- 3.01 15.9 12.3 --- --- 

H 5.74 3.62 8768 0.357 2.09 4.83 21.7 4.3 0.01 0.03 

B 1.24 2.18 11575 0.203 2.57 5.22 35.5 3.9 0.01 0.07 

K 2.47 3.62 4229 0.178 784 260 12.6 10.5 1.8 1.3 

Note: *The delivered galvanic sludge state (wt%) 

Zinc can be separated from aqueous solutions by electrolysis despite a significantly negative electrode 

potential -0.763 V. The electrolyte cleanliness, a condition of electrode surfaces and a current density are 

necessary for the proper electrolysis process. A presence of impurities in the electrolyte is a crucial issue for 

Zn separation by electrolysis. Impurities can be divided into three groups: Impurities more electronegative than 

Zn (e.g. Al, Mg, Mn) do not affect the Zn separation process directly, nevertheless their high concentration in 

the electrolyte increases the viscosity, thus restraining diffusion processes in the layer adjacent to electrodes. 

Impurities (e.g. Pb, Cd and Sn) the electrode potential of which ranges between Zn+ and H+ can be separated 

along with Zn, contaminating the resulting product. However, some admixtures can be dissolved back (e.g. 

Fe, Co, Ni), thus reducing the cathode current yield. More electropositive impurities than Zn (e.g. Cu, As, Sb, 

Ge etc.) have a harmful effect on the separated zinc. They form local cells on a cathode, resulting in dissolving 

of the separated Zn, thus reducing the current yield [18]. 

Recommend parameters for the zinc electrolysis are as follows: 400 - 600 A m-2 current density, 2.5 - 3.5 V 

voltage on electrodes, 35 - 40 °C electrolyte temperature. A cathode is usually made of aluminum plates of 

min. 99.5 % purity, a material for an anode is usually a Pb plate with a small addition of Ag (0.5 - 0.85 wt%) 

for mechanical strength increasing. Cathode current yields range between 90 - 93 % depending on the 

electrolyte cleanliness [18]. 

The first two experiments of electrolysis (H supplier) were carried out as follows: 100 g of the sludge sample 

were dissolved in a 2000 ml capacity beaker, in 1000 ml of 20 % (or 10 %) H2SO4 solution, for a period of 4 

hours. After dissolving, the solution was filtered and rinsed by 300 ml of distilled water on a fritted glass with a 

vacuum filtration. A proportion of solids was weighed after having been dried-up - 72.8 g (or 73.21 g). The 

filtrate was evaporated to 1000 ml volume. Further, after cooling-down the filtrate was precipitated using 

NH4OH solution (250 ml), where Fe(OH)3 was precipitated in the form of a ferruginous precipitate. In order to 

accelerate oxidation, 5 ml of concentrated hydroperoxide was added for a reaction period of 3 hours and 
subsequently the solution was gravitationally filtered. The rinsed precipitate was dried at 110 °C temperature 

for a period of 24 h and weighed - 53.21 g (or 55.12 g). The filtrate was diluted by distilled water to 3000 ml (or 

2000 ml) and subjected to electrolytic precipitation for zinc. The bath temperature of 30 °C, 3 V voltage and 

0.8 A current. 
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The cathode was made of pure Al, the anode was a Pb plate. Precipitated Zn was removed from the cathode, 

filtrated, rinsed, dried-up, weighed - 0.53 g (or 3.35 g) and chemically analyzed afterwards. During the 

electrolysis the solution had pH = 7 (or pH = 8). The above mentioned results imply that the 2nd experiment 

resulted in a higher zinc yield after the electrolysis - see Table 3. 

Table 3 Results of chemical analyses of solid proportions (wt% or mg/kg) - an average of three measurements  

  (supplier H) 

Sample Zn* Zn Fe* Fe Mn Ni Co Cu Pb Cr Hg 

Delivered state 21.7*  4.3*  400* 100*  300*  1000*  

After leaching 1.8* 3.4 2.34* 2.76 392 77.3 3910 30.7 84.9 920 0.035 

After coagulation of Fe 6.57* 6.88 13.5* 16.9 2270 34.7 2250 35.0 31.4 5870 0.013 

After electrolysis 48.6* 59.3 0.19* <0.01 53.8 592 6230 959 614 93 0.08 

Methods of the analyses: ICP AES, US EPA apparatus, 6010 method. Mercury was determined by AMA 254 

device. X-ray spectrometry - Delta X instrument (analyses marked *) 

Conditions of the 3rd electrolysis experiment: Dissolution of 100 g of the sludge (B supplier) in 10 % solution of 

H2SO4. A proportion of solids was weighed after having been dried-up (60 g). The filtrate was precipitated 
using 25% solution of NH4OH (250 ml) for Fe(OH)3. After having been dried-up, the precipitate had a weight 

of 67.4 g. The electrolysis was performed under the following conditions: the bath temperature of 30 °C, 3 V 

voltage, 0.8 A current, pH = 8. The precipitated Zn removed from the aluminum cathode had a weight of 7.93 

g, which was more than in foregoing experiments. A photographic image of the product after the electrolysis 

is shown in Figure 2. Chemical analyses have not yet been carried out. 

 

Figure 2 Photo of the separated zinc on the cathode after the electrolysis (the 3rd experiment) 

3. DISCUSSION  

Within the experiments mentioned above, the aim was to find optimal conditions for leaching of the galvanic 

sludge with a high Zn and Fe content obtained from six different galvanizing plants. HNO3, H2SO4 and HCl 

acids were applied at different temperatures and periods of leaching, possibly with an addition of H2O2 or 

ozone [17]. H2SO4 acid worked best. For separation of Zn and Fe the ammonia was used, when iron 
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precipitation in the form of Fe(OH)2 occurred, or Fe(OH)3 after adding H2O2. The results confirmed 

unambiguously the Zn separation from Fe in the filtrate - see Table 2. During the subsequent electrolysis 

different conditions were tested. The electrolyte temperature of 30 °C, 3 V voltage, 0.8 A current and pH = 8 

seem to be optimal. The obtained product on the cathode contained 58 wt% of Zn, the Fe content was 

neglectable - see Table 3. In this phase there were laboratory-scale experiments. 

4. CONCLUSION 

In this work, experiments of galvanic sludge leaching, iron precipitation using NH4OH and following electrolysis 

with the aim to obtain metals of interest were performed. The conditions and results of these experiments are 

described in the text and shown in the relevant tables. In the follow-up phase we will focus on optimization of 

particular processes parameters, so that we can obtain zinc as pure as possible, suitable for further application 

in galvanizing plants. A further step will be a transition from the laboratory scale to a pilot plant process. 
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Abstract  

The current appetite for base metals, primary metals resources are being depleted; theneed to recycling waste 

of primary metallurgy such as slag is on the rise. This study investigates the recovery of Ge, Cu and Co with 

ferrosilicon addition from Ge-copper bearing slag from STL/Gecamines in the Democratic Republic of Congo 

during carbothermic reduction and sulfurization.  Characterization was conducted using XRF, XRD and SEM-

EDS while a bench scale alumina tube furnace was used for the experiments. Coke was used as reductant 

while calcium sulfate (CaSO4-high purity) was added for sulfurization. Graphite crucibles were used for the 

experiments and the furnace set for 1400 °C using Eurotherm temperature controller.  To limit the interaction 

between the graphite crucible and the slag, CO was blown in at 0.01 l/min. Products were characterized using 

XRD coupled with Origin 8.5 software and SEM-EDS. Results have revealed that Cu, Co and Ge were 

displaced to a matte phase. However, the displacement of Ge from the silicates matrix to the metallic phase 

was observed. The formation of CuGeFe, CoFe, CuS, FeS and some Cu were present in the metallic phase 

when FeSi increased in presence of CaSO4 whereas more amorphous slag was produced due to high silica 

content.  

Keywords: Metallurgy, copper slag, reduction, sulfurization, calcium sulfate 

1. INTRODUCTION 

Slags produced in pyrometallurgical processes are promising sources of metals. A huge amount of it is 

generated each year worldwide [1,2]. The generated copper slag contains valuable metals due to mechanical 

entrapment of fine and dispersed matte or/and due to their dissolution in slag as oxides chemically bound with 

silica in fayalite as lattice substituents such as germanium [3-7]. Therefore, copper slag can be considered as 

a secondary source for metals recovery [8].  

Different studies have been conducted on recovery of valued metals from copper slag using different 

approaches [9]. However, the approach chosen on the composition, present form of targeted precious metals 

and economics involved. Hence, pyrometallurgy has been the most used approach for reduction and 

sulfurization of metal oxides contained in the slag because of other techniques limitations [7] 

Germanium is less abundant in the Earth’s crust with an occurrence ranging between 1-7 ppm. It occurs 

associated with many elements forming known minerals of Germanite and renierite and Ge oxide [10]. 

Germanium use is mostly the manufacture of semiconductors. New applications in novel and high demand 

technological industrial have improved its price. This has lead process materials with low germanium contents 

and significant amounts of other values [11].  

Previous studies have exposed diverse secondary sources of germanium but to our knowledge, the recovery 

of germanium in oxide phase from copper slag has not been done [7,12-15]. 
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Previous study has proposed a carbothermal reduction of germanium oxides [15] while another investigation 

have shown that the reduction need a high temperature with a very high risk of producing germanium monoxide 

vapor [16]. Hence, the current study investigated the carbothermal reduction of germanium bearing copper 

slag with the addition of ferro-silicon for germanium dioxide reduction and germanium displacement to the 

matte. 

1.1. Thermochemistry prediction 

Ferrosilicon is added to support the reduction of germanium dioxide. The Ellingham diagram below has been 

generated using HSC 9 chemistry software by considering possible reactions between germanium dioxide and 

some added agents up to 1400 °C.  

 

Figure 1 Reduction and sulfurization of GeO2 (Drawn using HSC 9) 

The reactions show that germanium dioxide can be reduced at different rate with silicon and iron from ferro-

silicon and the reducing agent carbon. Silicon is the strongest reductant due the lowest energy needed to form 

germanium or even germanium sulfide in sulfurization at 1400 °C. Germanium dioxide will be reduced by 

carbon, but this process needs higher energy to produce Ge and CO even very higher energy to produce CO2 

at 1400 °C in both reduction and sulfurization steps when compared to the reactions with silicon. the reactions 

germanium dioxide with Iron from ferro-silicon is the least to occur in the system. The Gibbs energies are too 

high or very close to positive values. Reactions (1) to (8) illustrate. 

Gibbs free energies at 1400 °C indicate that the formation of germanium sulfide is more feasible using 

silicothermic process in presence of calcium sulphate. The reaction leads to the formation of germanium sulfide 

that reports to the metallic phase accompanied by the formation of CaO and SiO2 which report to the slag. 

However, it transpired that adding carbon as reducing agent in absence of silicon also enhances the formation 

of germanium sulfide but required a bit more energy than the silicothermic process. It must be noted that the 

carbothermic process, although easily feasible than the reduction of GeO2 by iron, it remains less 

recommendable than the silico thermic process doubled with the addition of calcium sulphate. This is explained 

by the higher energy required by the carbothermic reduction. However, the amount of carbon needed is higher 

than where carbon monoxide is produced leading to the reaction producing GeS and CO2. Finally, the reduction 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

985 

and sulfurization of germanium dioxide is very difficult where iron becomes the reductant. This order is followed 

whether metallic germanium or germanium sulfides are obtained. Therefore, iron from ferro-silicon will only 

play the role of collecting the reduced germanium and will both sulfurize to the matte with SO2 from CaSO4. 

Chemical reactions of GeO2 and Gibbs free energy 

GeO2 + 2.5 Si + CaSO4 = 2.5 SiO2 + GeS + CaO -991.6 kJ/mol (1) 

GeO2 + Si = SiO2 + Ge -335.1 kJ/mol (2) 

GeO2 + 2.5 C + CaSO4 = 2.5 CO2 + GeS + CaO -446.0 kJ/mol (3) 

GeO2 + 5 C + CaSO4 = 5 CO + GeS + CaO -747.7 kJ/mol (4) 

GeO2 + C = CO2 + Ge -137.1 kJ/mol (5) 

GeO2 + 2 C = 2 CO + Ge -557.7 kJ/mol (6) 

GeO2 + 5 Fe + CaSO4 = 5 FeO + GeS + CaO -230.6 kJ/mol (7) 

GeO2 + 2 Fe = 2 FeO + Ge - 51.0 kJ/mol (8) 

However, the sulfurization dependent on the amount of SO2 in the system as shown in the Figure 2 bellow. 

 

Figure 2 Calculated Ge-O-S system using HSC 9 chemistry software  

The decomposition of germanium dioxide to germanium occurs at around 750 °C when the log pSO2 is 

maximum around -8 whereas it gets sulfurized at temperature starting at minimum 750 °C in presence of SO2. 

The formation of germanium sulfides occurs at around 600 °C in the presence of high SO2. This rises the 

expectation of forming germanium sulfide in a medium where sulfur would be available to react. Therefore, 

GeS is expected to report to the matte. However, SO2 content will remain constant because it comes CaSO4 

which was added to keep constant the basicity at 0.7. This is also supported by the fact that primarily the 

vessel being open on top SO2 my easily escape because its residence time is low. Also, the presence of other 

metal oxides in the raw slag besides copper oxides and iron oxides may react to form sulfides before 

germanium dioxide and start consuming SO2. Overall, the Gibbs free energy change of different reactions 

support the sequence of reactions based on their level of energy requirements. 

Ge - O - S system log p(SO2) 

(g) 

T (°C) 
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2. METHODOLOGY 

2.1. Material  

The copper slag sample used in the current study was donated by the Societe de Terril de Lubumbashi (STL). 

The slag was produced decades ago from a water-jacket furnace producing copper matte by Gecamines, in 

Lubumbashi, in the Democratic Republic of Congo. The FeSi and Ca2SO4 were provided by the Department 

of Metallurgy, University of Johannesburg. Ca2SO4 was used as sulfurizing agent and also to adjust the basicity 

to 1 since the slag was fayalitic. 

2.2. Experimental procedure 

The head samples were made of 4.5 g of carbon and CaSO4 to 0.7 g, FeSi varied from 0.005 to 0.008 g with 

0.001 g increment. CO was blown in the alumina tube furnace at a rate of 0.001l/ min. Graphite crucibles were 

used for the experiments. From room temperature to 600 °C argon was blown in the furnace then switched to 

CO up to 1400 °C. The samples were kept at 1400 °C for two hours and the furnace was switched-off to cool 

down while CO was still blown in until the furnace reached 600 °C then CO was switched-off and argon 

switched-on until room temperature was reached. The cold sample was collected and characterized. XRF, 

XRD and SEM were used for characterization.   

3.  RESULTS AND DISCUSSION  

3.1. XRF of the raw slag  

Iron oxides and silicon dioxide are the most abundant components indicating the presence fayalite containing 

copper, zinc and cobalt. This also make the copper slag amorphous and acidic.  

Table 1 Chemical composition of raw slag [17] 

Comp. Fe Cu Co Zn SiO2 CaO Al2O3 MgO 

wt% 38.3 4.60 1.44 2.99 30.4 17.7 6.12 4.77 

3.2. XRD of the raw slag  

The XRD analyses of the raw sample slag is presented in Figure 3. Orign 8.5 software was used to identify 

overlapping peaks.XRD pattern has revealed no peaks indicating a dominance of amorphous SiO2 as revealed 

by the XRF forming fayalite phase. The slag composition comprised cobalt oxide, copper aluminate spinel, 

jacobsite, magnesioferrite, magnetite, pyrite and zincite.  

Based on the list of phases depicted from Figure 3 it transpired that either the oxygen potential was 

considerably high, or the amount of silica added did not fully assist in avoiding the formation of magnetite. 

Although the addition of silica did not stop the formation of some magnetite, the presence of fayalite confirms 

that the addition of silica has however limited the formation of magnetite at this stage. The presence of jacobsite 

in the slag, spinel phases also enjoy the explanation of the limitation of the formation of magnetite. This 

confirms the dissolution of other elements in the Fe2O3 matrix. It should, however, be noted that the oxidized 

iron should be low compared to iron that reported to the matte. Further, the presence of pyrite is and indication 

that some mattes were entrained or trapped in the slag when the slag was tapped while zincite confirms the 

presence of zinc sulfides in the ore that was used and most probably got oxidized during sintering of 

chalcopyrite prior the reverberatory furnace.  Cobalt oxide has presumably entered the reverberatory furnace 

as oxide and did not take part in any reaction during copper matte production and reported to the slag.  
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Figure 3 Phases present in the raw slag  

3.3. SEM-EDS of raw slag 

Figure 4 presents results obtained using SEM-EDS as analytical technique. Results show atom percentage 

of different element that are the sample. Four points were analyzed based on the color and morphology of the 

particles.   

  

Figure 4 SEM-EDS of raw slag 

Element  
at % 

1 2 3 4 

O 47.3 48.6 55.1 1.2 
Mg 3.0 3.1 2.4 0 
Al 2.5 3.5 2.2 0 
Si 14.6 16.7 9.6 0 
P 0.3 0 0 0 
S 0.2 0 0 0 
K 0.3 0.6 1.7 0 
Ca 7.5 6.2 2.0 0 
Ti 0.2 0.3 0.3 0 
Fe 19.7 14.9 0 0.5 
Co 1.7 1.8 0 0 
Cu 0.7 0.6 7.0 98.2 
Zn 1.9 3.5 14.2 0 
As 0 0 1.3 0 
Pb 0 0 4.2 0 
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The spectra revealed the complexity of the chemical composition of the raw slag as the head sample. It is 

observed that silicon and iron are the most abundant elements in the sample in oxide form. This informs the 

presence of abundant silica in the slag. This confirms and is in line with results obtained with XRD. The XRD 

spectra have shown that the sample was amorphous due to the presence of silica. The amount of iron in the 

sample is an indication that iron is either present as fayalite, magnetite, spinel phases, pyrite or 

magnesioferrite. Very little iron sulfide is oxidized and slagged: the furnace slag consists mainly of the cleaned 

(settling of matte droplets) converter slag, which is returned molten to the furnace. It is a confirmation of the 

results obtained through XRD. The explanation of the formation of the above-mentioned phases remained the 

same as supported by XRD spectra. The presence of aluminum is a confirmation of aluminate spinel depicted 

with XRD while copper, calcium, zinc and cobalt are present as oxides.  

3.4. XRD of smelted samples  

Figure 5 depicts phases formed at 0.005 g and 0.006 g FeSi. The spectra presented show the influence of 

FeSi and CaSO4 in a reducing atmosphere at 1400 °C.  

 

Figure 5 XRD results of the matte produced with 0.005 g and 0.006 g of FeSi addition 

It is found that different sulfide phases containing Fe, Cu and Ge have formed. From the thermodynamic study 

conducted in Figure 1 it was predicted that at 1400 °C, the formation of germanium sulfide was possible in a 

reducing atmosphere. The presence of germanium sulfide in the smelted samples enjoys the thermodynamic 

predictions. However, an increase in FeSi has led to freeing Ge. This can be due to the displacement of Ge 

by Si from the silicate matrix. The explanation is found in the fact that Ge and Si are of same atomic size with 

Ge being siderophile. Ge is therefore attracted by iron while Si has more affinity to oxygen than Ge and 

replaces Ge in the silicate matrix. Also, the presence of Ge in the metal signifies that pSO2 was very low as 

predicted with HSC 9 in Figure 2. However, the presence CuFeS, CoFeS preferentially got sulfurized while 

FeS might either be from the head sample or got sulfurized. The reported CoFe is a result of carbothermic 

reduction of their respective oxides from the head samples. The increase of FeSi has decreased CuS, FeGeS 

and favored the formation of CuFeS. 

Figure 6 depicts phases formed at 0.007 g and 0.008 g FeSi added. These results are compared to the results 

obtained with 0.005 g and 0.006 g FeSi addition.  
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Figure 6 XRD results of the matte produced with 0.007 g and 0.008 g of FeSi addition 

From Figure 6 it transpired that phases that formed are similar to those obtained with 0.005 and 0.006 g FeSi. 

However, a few displacements were observed. For germanium, further increase of FeSi showed that during 

smelting Ge, CoFeGe and FeGe became unstable and CuGeFe was favored. This could be due to the 

chalcophilic behavior of cupper being higher than that of cobalt. However, contrary to what was observed at 

lower FeSi addition in Figure 5, further increase of FeSi stabilizes CuS while CoFe becomes more stable due 
to high Fe content. The so-called trio FeCoNi supports the behavior similarity of the three elements. The 

formation of CoFeS enjoys the FeCoNi statement in presence of CaSO4. It was however expected to form 

more sulfides phases, but that was not the case. This could be due to short residence time of SO2 in the 

furnace. After the decomposition of CaSO4, SO2 easily escapes from the furnace, hence less contact time with 

the head sample. This leads to less contact time between the gas and the solid particles.    

3. CONCLUSION 

Experiments conducted in this study aimed to explore the influence of ferro-silicon addition on the carbothermic 

reduction of Ge-Copper bearing slag. XRF, XRD and SEM-EDS used to characterize the raw slag which has 

shown no germanium trace and a fayalitic copper slag. Thermodynamic predictions using HSC 9 software 

were in line with the results obtained.  Results have revealed that under reducing conditions at low p(SO2) Ge 

was stabilized but became unstable when FeSi increased. Further increase of FeSi to 0.0008 g; Ge, CoFeGe 

and FeGe became unstable and CuGeFe was favored.  Also, it was found that FeSi stabilized CuS and CoFe 

while less sulfide phases were attributed to short residence time of SO2 in the furnace. The overall observation 

has shown that the use FeSi in addition to CaSO4 in reducing conditions it is possible to recover base metals 

in an alloyed form.  
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Abstract  

Due to the sudden sharp increase in tin demand, the production of tin through carbothermic reduction process 

requires refreshment by assembling important required data and disseminate to the potential producers. The 

current paper presents a review on different parameters that have been tested on different tin ores. Basicity, 

although simply defined as ratio between the basic oxides and acidic oxides, more information unfolds 

depending on whether the basic oxides or acidic oxides can be interchanged or replaced by another. The 

effects of interchanging a basic oxide by another on the kinetics and the slag composition and behaviors are 

discussed in the current paper. Since different ores have different compositions the adjustment of basicity may 

require different basic or acidic oxides. Different effects of such parameters on the carbothermic reduction of 

tin are here gathered and discussed. 

Keywords: Metallurgy, carbothermic reduction, tin   

1. INTRODUCTION 

The current high demand of tin and its accompanying metals Nb and Ta due to HighTech has revived the 

metallurgy of tin. The smelting of tin is essentially based on the carbothermic reduction. However, cassiterite 

being the main mineral carrying tin under oxide form has different composition depending on where it is mined.  

The most economic mineral in Sn-bearing ore is cassiterite (SnO2). Sn production has increased for the past 

30 years and 300000 tons per annum are produced in last years [1,2]. Prediction studies dictate that in the 

forthcoming years, the demand will be increased at a rate of 2 % per annum for the next 5 - 10 years [1,3]. Sn 

is primarily produced from cassiterite ores and secondary sources (reprocessed materials) through the 

conventional mining, mineral processing and smelting processes. Conventional Sn smelting processes include 

use of air draught, reverberatory and electric arc furnaces which have the disadvantages of high smelting 

temperatures, long smelting time and high tin loss ratio (>10 wt%) [2]. Currently, Sn is efficiently recovered 

from its minerals by a carbothermic reduction process [1]. Several researchers have investigated on the 

reduction of cassiterite using a diverse of fluxing agents such as Silica and Lime [2]. The reduction of cassiterite 

may take place in the presence of gases such as CO and H2 adjusted in a given ratio to promote the Boudouard 

reaction (C + CO2  2CO) and favour the reduction of SnO2 to a Sn metal. For better overall recovery of tin, 

comminution followed by concentration is required to upgrade the run of mine. Some ores do contain valuable 

by-products, therefore a pre-concentration would be required. 

1.1. Pre-concentration of cassiterite ore bearing Nb-Ta minerals 

Several equipments were used to concentrate Sn oxide. A shaking, sometimes associated with the spiral as a 

complementary equipment used for secondary concentration [4].  

For a better pre-concentration, the following parameters must be optimized: inclination of the table, Stroke 

length, feed rate and water flow. The effect of shaking table on the beneficiation of cassiterite ore bearing 
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magnetite located on the eastern part of Egypt revealed that best separation was achieved when inclination of 

the table (4.13 degree), Stroke length (2.5 cm), feed rate (307.6 gm/min), and water flow rate (24.22 l/min). A 

concentrate having a grade of 13.2 wt% SnO2 at a recovery of 86.2 % by weight was achieved [5].  

The presence of some oxides impacts negatively the recovery of tin and its physical properties. It is 

imperatively advised to design a smelting process where Sn is free of iron. Therefore, the removal of iron is 

very necessary during the extraction process. 

1.2.  Main reactions during tin carbothermic reduction 

The different successive reactions that occur during carbothermic reductions are described as follows: 

3SnO2 (s) + 2C (s) = Sn3O4 (s) + 2CO (g)  (1) 

3SnO2 (s) + 2CO (g) = Sn3O4 (s) + 2CO2 (g)  (2)  

Sn3O4 (s) + CO (g) = 3SnO (s) + CO2 (g) (3) 

The combination of reactions (2) and (3) leads to reaction (4a) or reaction (4b) below: 

3SnO
2 
(s) + 3CO (g) = 3SnO (s) + 3CO

2 
(g)  (4a) 

SnO2 (s) + CO (g) = SnO (s) + CO2 (g)  (4b) 

SnO (s) + CO (g) = Sn (l) + CO2 (g)  (5)  

C (s) + CO2 (g) = 2CO (g)  (6) 

With reaction (6) being the Boudouard reaction. It is known that the exothermicity of reduction reactions 

decrease with the valance of the metal. It is therefore, important to mention that from reaction (1) down to 

reaction (5) the heat released decreased.  

2. EFFECTS OF DIFFERENT PARAMETERS 

2.1. Effect of FeO/SnO ratio 

Tin smelting occurs in two cycles namely primary and secondary cycle. In the primary cycle, cassiterite 

concentrates are smelted through carbothermic reduction. A crude tin and a slag are produced. The activity of 

FeO in the slag produced is lower than that of SnO. However, under strong reducing conditions FeO/SnO ratio 

can be increased leading to an increased Fe content in the metal. Recommendations are that the cooling rate 

be controlled to allow the hard tin to be concentrated at a specific point based on difference in temperatures 

as a driving force of purification [6]. The correlation between FeO and SnO in the slag is illustrated in Figure 1 

below. It transpires that SnO in the primary slag is inverse proportional to FeO in the slag. The optimum 

composition is said to be in the range of 30 to 40% FeO [6]. FeO and SnO are playing the role of fluxes. 

The secondary cycle makes use of the primary cycle slag in addition to a reducing agent and CaO as a flux. 

The amount of CaO is limited to reduce the volume of the final slag since the volume of the reactor is limited. 
During carbothermic reduction of the primary slag, SnO and FeO are reduced to lower amounts. 

In the secondary slag, SnO and FeO directly proportional which is opposite to the primary slag. When FeO 

increases, SnO increases though the proportionality is not as close as in the primary slag. An increase of 10 

wt% of FeO leads to an increase of close to 2 wt% of SnO. However, an increase of 10 wt% of FeO in the 

primary slag leads to a decrease of more than 15 % of SnO.  

Besides the fact that this Sn smelting process has found success in the smelting industries, it had limitations 

of long smelting time and high operating temperature which make the process costly and high losses of Sn in 

the slag fraction. Some innovative approaches have been tested. 
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(a)                                                               (b) 

Figure 1 Relationship between SnO and FeO in the primary and secondary slags [6] 

 

Figure 2 Ternary diagram CaO-SiO2-FeO [6] 

The ternary diagram in Figure 2 provides enough information on the influence of CaO/SiO2 ratio. It transpires 

that around 1300 °C, typical composition of the slag produced in the secondary is indicated around the liquidus 

line. It also shows the importance of CaO-SiO2 ratio on the activities of FeO and SnO. This implies that for a 

low alumina and low MgO concentrate, the above ternary diagram can be of great contribution to predict and 

understand the quality of products during tin smelting. 

2.2. Effect of roasting on Sn recovery 

An innovative approach to extract metallic Sn from cassiterite ore in presence of Na2CO3 was used in 2 steps 

[2]. The cassiterite ore was exposed to reduction roasting in the presence of Na2CO3 followed by water-

leaching. During the reduction roasting, a huge amount of Sn metal was formed from SnO2 while some of SnO2 

reacted with Na2CO3 to form a Na2SnO3 which is easily reduced to metallic Sn. Reactions involved during the 

whole process are summarized by the equation (7) to (13). About 98.1 wt% of the total Sn was recovered while 
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roasting at 950 °C with a carbon content of 80 % of purity, for 120 minutes with a dosage of 30 % of Na2CO3 

according to the relationship (Na2CO3/(SnO2+SiO2).  

SnO + Sn = 2SnO                (7) 

SnO + SiO2= SnO · SiO2 (8) 

Reduction in the presence of Na2CO3 

SnO2 + Na2CO3 = Na2SnO3 + CO2         (9) 

SnO + Na2CO3 = Na2SnO3 + CO            (10) 

Na2SnO3 + 2CO = Sn + Na2CO3 + CO2         (11) 

SiO2 + Na2CO3 = Na2SiO3 +CO2         (12) 

2Na2CO3 +SnO.SiO2 = Na2SiO3 + Na2SnO3 + CO (13) 

2.3. Effect of Fe3O4 on reduction smelting of cassiterite 

In case the cassiterite ore contains Fe3O4, the impact on Sn recovery in addition to the smelting temperature, 

time and the reducing agent, is the possible formation of Fe-Sn spinel during roasting [7]. However, this spinel 

can be reduced to Sn metal by smelting with strong reducing conditions. In case of weak reducing conditions, 

without changing the smelting time, the Sn metal may be formed whilst the increase in temperature plays a 

significant role for the formation rate Fe-Sn spinel. The amount of magnetite presented in a sample has a 

remarkable effect on the formation of new phases bearing SnO2. The Sn/Fe ratio in the spinel is directly 

proportional to the cassiterite/magnetite mass ratio [7]. 

2.4. Effect of basicity during reduction smelting of cassiterite  

The basicity is always a useful parameter that govern the behavior of the slag. A basicity increases through 

addition of CaO and MgO while keeping MgO or keeping CaO constant plays an important role. The phases 

that form in the slag to preferentially collected Nb an Ta are similar when CaO and MgO are kept constant. 

However, the basicity increase leads to an increase in Sn recovery [8,9]. The change of basicity through the 

addition of Quartz has a significant effect during the reduction of cassiterite. The decrease of basicity on the 

Sn recovery has a negative impact. The addition of SiO2 leads to the formation of orthosilicate phases such as 

SnSiO3 [10]. This may constitute barriers around SnO particles, that decreases its activity disturbing the 

reduction mechanism of SnO to Sn [2]. Figure 3 below summarizes the mechanism of reduction.  

 

Figure 3 Influence of SiO2 on tin production [2] 

2.5. Effect of carbon content during reduction smelting of cassiterite 

The carbothermic reduction is the most known and popular method used in the smelting of Sn from cassiterite 

concentrates. This technique is applied on the Sn concentrate at temperature range 1200-1300 °C while 
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adding fluxes (CaCO3, SiO2) with the objective of producing an alloy containing 50 - 91 % Sn. The smelting 

process takes place according to reaction 14. 

2SnO2 + 3C = 2Sn + 2CO + CO2.       (G = 210 kJ/mol)                       (14) 

A series of previous studies have investigated on the use of carbon or carbon compounds such as CaCO3, 

Na2CO3, K2CO3 during smelting process of cassiterite and columbotantalite mining tailings fluxed with borax 

while using graphite. A Sn metal of 96 % purity was obtained using CaCO3 as flux. It had about 25 % of mass 

recovery compared to the feed concentrate while containing 45 % of the overall Nb2O5/Ta2O5 [1]. 

Furthermore, the effect of carbon was also investigated on the reduction of SnO2 from the anodic slime to 

produce a molten Sn. Han, et al., 2015 used a carbon source of 85 wt% fixed carbon and 15 % ash for the 

reduction process and found out that only 9 wt. % coke was needed to reduce SnO2 slime to a high pure Sn 

metal at 1273 K. The quality of carbon has a positive effect on both the temperature as well as the metal 

quality.  

The use of a combination of charcoal with Na2CO3-NaNO3 on the reduction process of Egyptian cassiterite 

concentrate at temperature ranging 850-1000 °C was investigated. It was found that for 60 minutes of smelting, 

a Sn metal of 95 % purity was obtained at 1000 °C further purification of Sn metal led to 99.6 % [10]. 

The kinetics of the reduction reactions during the smelting of Sn oxide can be evaluated from the ratio of 

oxygen mass which is removed from the original sample over the total oxygen mass before any reduction 

process [3]. 

The effect of carbon from a gaseous source (CO) on the pretreated Sn compound at lower temperature was 

also investigated.  The SnO2 mineral was mixed with a salt of Na2CO3-NaNO3 in the ratio of 1:0.3 to form an 

intermediate compound of Na2SnO3. After smelting for 1.5 hrs in the temperature range 600-950 °C while 

blowing CO gas, a Sn metal with 97% purity was obtained from the cassiterite concentrate [11].  

In order to control the reduction rate, MgO content needs monitoring [3]. Due to the presence of K2CO3, SiO2, 

Al2O3 and CaO the activation energy is reduced. The addition of MgO content during the reduction process 

has has a catalytic effect on the Boudouard reaction.  

The conversion of SnO2 into metal was found to be function of particle size, the type of reductant used, 

temperature and reaction time. It was noticed that effectiveness of collie coal was due to its high reactivity and 

its low ash content when compared to metallurgical coke [12]. 

During smelting it is important to well manage the slag. The saying: “look at the slag and the metal will look at 

it itself“ is paramount. The viscosity of the slag and melting temperature of the slag are key for better slag/metal 

separation. The better the immiscibility of the two phases, the less metal carried or entrapped in the slag phase 

[13,14]. 

2.6. Effect of time on phase formation in the slag during tin production 

The reduction time plays an important role on the formation of phases dissolving some metals. In case the tin 

ore contains Nb and Ta oxides, at constant basicity, while varying reduction time at same working temperature, 

Nb and Ta are dissolved in monticellite, ferrocolumbite and fayalite. Tantalum oxide and Niobium oxide may 

reach 5 % in the slag while the purity of metal reached a maximum of 99 % of Sn and 1 % Fe. This makes the 

slag of considerable value [9].  

3. CONCLUSION 

Due to increasing demand of tin and its by-products, several parameters have to be considered based on the 

mineralogical composition of the ore. FeO/SnO ratio plays a critical role if a two-stage production flow sheet is 

adopted since the primary and secondary slag has an impact on tin recovery. Fe3O4 presence may reduce Sn 
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recover because of the formation of a spinel phase. Fe3O4 removal prior to the smelting is recommended. The 

basicity change through the addition of quartz decreases Sn recovery due to the formation of orthosilicates 

phases that decrease the activity of tin oxide while CaO addition improves Sn recovery coupled with formation 

of phases that collect Nb and Ta oxides if present in the ore. Roasting is key to improve Sn recovery The use 

of Na2CO3 has an impact on the slag formation by displacing SiO2 that react with sodium carbonate to free tin 

oxide that consequently is efficiently reduced. In addition, the particle size plays also a critical role in the 

recovery of tin. 
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Abstract  

An investigation of Eu and Dy doped yttrium aluminates/borates samples prepared by solid-state reaction in 

reduction/air atmosphere is presented. The structure of the synthesized samples was studied by powder X-

ray diffraction. The XRD patterns show formulation of several crystalline phases - predominately non-reacted 

Al2O3, polymorph modifications of yttrium borate and yttrium orthoaluminates, which were identified and 

discussed. A photoluminescence analysis was used for observation of optical properties. The spectrum was 

characterized by 2D and 3D excitation emission graphs. The correlations between synthesis conditions, doping 

elements, the structure and optical properties of the studied samples are commented. Yttrium-based red 

powder phosphors have a potential for practical application in lightning industry and other optoelectronic 

devices. 

Keywords: Yttrium aluminates, yttrium borates, rare earth, x-ray powder diffraction, luminescence  

1. INTRODUCTION 

Yttrium compounds such as aluminates and borates are studied from the medium of the last century due to 

possibilities of their structure for designed excellent laser and optical materials which make them applicably in 

the many fields such as medicine, optic, military, automotive etc.[1]. 

Rare earth (RE) doped orthoborates with general formula ABO3 (A=Ln, Y) widely studies because of their 

chemical stability, ultraviolet transparency [2] and magnetic properties [3]. RE borates possess the same 

crystal structure as the three polymorphs of calcium carbonate (aragonite, vaterite and calcite), depends on 

the ionic radius of RE cation [4]. YBO3 compound crystallizes in different structures with different space groups 

and symmetries [5]. In the monoclinic YBO3 host lattice, two kinds of Y3+ ions with C1 and Ci crystal symmetries 

have been reported [6]. Furthermore, YBO3 may have a hexagonal crystal structure with a P63/m space 

group(176) and Eu3+ ions which are substituted into Y3+ sites, have been surrounded by BO3 groups. So, they 

provide a symmetry center resulting in a strong 5D0− 7F1 transition [7]. Also, the addition of boric acid leads to 

changes in the crystal structure from cubic to hexagonal (belonging to YBO3) [8]. 

The present investigations are directed to the synthesis and characterization of the structure and optical 

properties of Eu and Dy doped yttrium aluminates and borates. 

2. EXPERIMENTAL 

2.1. Sample preparation 

The synthesis was performed by mixing an equimolar ratio (0.5:1) Y2O3 and Al2O3, boric acid (10 wt%), 2 mol% 

Eu2O3 and 1 mol% Dy2O3, all purchased from Alfa Aesar (Table 1). The mixtures were placed into crucibles 
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and preheated at 1200 °C for 4 hours with a weak reduction/air atmosphere. After that, the samples were 

cooling at room temperature and analyzed. 

Table 1 Doping rare earth oxide and synthesis conditions for the samples  

Sample  Doping RE oxide (mol%) Synthesis conditions  

# 83 Eu2O3, 2 mol% Reduction atm. 

# 85 Eu2O3, 2mol% Air atm. 

# 87 Eu2O3, 2 mol%; Dy2O3, 1 mol% Reduction atm. 

2.2. Analytical procedures 

Powder X-ray diffraction analysis 

The XRD analysis was performed by Bruker D8 Advance powder diffractometer operating with a Cu -Kα 

radiation source (λ = 1.5406 nm) and Lynx Eye PSD detector, in steps of 0.02o over the range of 10o - 80o 2θ, 

with a time per step of 2.8 sec (32 kW, 15 mA). The crystalline phases were identified using the powder 

diffraction files PDF 01-070-5679 (corundum Al2O3), 00-013-0531 (yttrium borate YBO3), 01-088-0356(yttrium 

borate YBO3), 01-089-3501 (yttrium borate YBO3), 00-034-0291 (yttrium borate Y3BO6), 00-050-1745 (yttrium 

borate Y17.33(BO3)4(B2O5)2O16), 00-055-1088 (aluminum yttrium oxide Y4Al2O9) and 01-074-4232 (yttrium 

aluminate Y(AlO3)) from ISDD PDF-2 database using the DiffractPlus EVA v.12 program (2009) [9]. 

Photoluminescent analysis 

The measurement was performed by fiberized laser driven white light source (LDLS-Energetic) and a 

monochromator (Ocean Optics MonoScan 2000) which were used to scan the excitation wavelength λc from 

220 nm to 550 nm with a spectral width δλ ≈ 15 nm. An Ocean optics QE65000 spectrometer measuring 

spectra in the range from 200 nm to 900 nm was used to take the luminescence spectra for each excitation 

wavelength from 220 nm to 550 nm each 10 nm. 

3. RESULTS AND DISCUSSION 

The prepared samples were fine white powders and they were structurally characterized. Several crystalline 

phases, such as predominately non-reacted Al2O3 and follow formed phases: polymorph modifications of 

Yttrium borate, and Yttrium orthoaluminates (YAM and YAP) were observed in the X-ray diffractograms of 

samples (Figure 1). 

The XRD patterns show most intensive peaks belong to non-reacted Al2O3 (corundum) with the following 

crystallographic parameters: rhombohedral crystal structure, space group R-3c; cell parameters: a = 0.47597 

nm, b = 0.4760 nm, c = 1.29935 nm; cell vol. = 0.25493 nm3, density 3.985 g.cm-3(PDF 01-070-5679). 

The formulation of fife polymorph modifications of yttrium borate was observed with intensive peaks. As is 

known, compounds equimolar in RE oxides and boric oxide having the general formula ABO3. RE borates 

possess the same crystal structure as the three polymorphs of calcium carbonate. The structure type of a 

particular borate depends on the ionic radius of the RE cation involved. The large cations (La, Nd) formed 

aragonite (orthorhombic crystal system, bipyramid crystal lattice) the intermediate cations (Eu - Yb) formed 

vaterite (hexagonal crystal system, dihexagonal bipyramid crystal lattice) and smallest (Lu) forms calcite 

(hexagonal scalenohedral) at low temperature and vaterite like structure at above 1310 °C [4]. 

The phase of Y17.33(BO3)4(B2O5)2O16, known as Y3BO6 [11] is with following lattice parameters: monoclinic 

crystal structure, non-symmetric, optical activity, space group Cm; cell parameters: a = 1.81662 nm, b = 

0.36516 nm, c = 1.39775 nm; cell vol. = 0.805 nm3, density 4.611 g.cm3 (samples 85 and 87). 
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General, the Ln3BO6 crystallize in three different space groups, i.e., P21/c for Ln = La to Nd and C2/m, C2, or 

Cm for Ln = Pm to Yb [10]. Orthorhombic yttrium borate (YBO3) is with crystal parameters: space group Cmcm; 

a = 1.1335 nm, b = 0.6544 nm, c = 0.881 nm; cell vol. = 0.653.49 nm3; density 4.504 g.cm3, was founded also 

(PDF 01-089-3501) (sample 87). 

 

Figure 1 Powder X-ray diffraction patterns for the synthesised samples  
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Interaction between Y2O3 and Al2O3 was observed by the formulation of yttrium aluminate compounds with low 

intensive peaks visible in the XRD patterns. The monoclinic Y4Al2O9 (known as YAM crystal structure) has cell 

parameters a = 1.11224 nm, b = 1.04663 nm, c = 0.73743 nm; space group P21/a; Cell Vol. = 0.81378 nm3; 

centrosymmetric (PDF 00-055-1088). The yttrium orthoaluminate (YAM) has an orthorhombic structure 

(perovskite type ceramic structure), centrosymmetric, with space group Pbnm; cell parameters: a = 0.518027 

nm, b = 0.532951 nm, c = 0.737059 nm; cell vol. = 0.20349 nm3; density 5.349 g.cm3 (PDF 01-074-4232). 

In XRD patterns of samples 83 and 85 presences a structure of yttrium borate was different from presented in 

XRD pattern of sample 87. From ICSD PDF indexing refers to the hexagonal YBO3 phase. The interpreting of 

the crystal structure (monoclinic, hexagonal or orthorhombic) of YBO3 is important due to their magnetic 

properties. As known the YBO3 (Sm to Lu) has a unit cell similar to that of vaterite, which is hexagonal. But 

these borates can form so-called π-LnBO3 with both hexagonal or pseudo-vaterite and monoclinic structure 

[4]. Also, characteristic for lanthanides with ionic radius 0.09 to 0.104 nm until 1200 °C form metastable LnBO3 

compounds. To identify the correct unit cell, it’s compared both hexagonal and orthorhombic peaks position 

and it’s found out that the band with highest intensity for these two phases are corresponding. Also, the density 

and the molar volume are fully identical according to PDF01-088-0356 and PDF 01-089-3501. Therefore, it’s 

established that the peaks in x-ray roentgenograms of the samples possess orthorhombic structure. The 

possibility that the hexagonal cell of YBO3 is only a subcell of the rhombohedral structure is discussed in [11]. 

The presence of monoclinic Y3BO6 phase indexed with PDF 00-034-0291 was compared with indexed phase 

Y17.33(BO3)4(B2O5)2O16 from XRD patterns of samples 85 and 87, respectively. It was observed that both phases 

are very similar - with the same crystal structure and cell parameters, but different space group - Cm for 

Y17.33(BO3)4(B2O5)2O16 and C2/m for Y3BO6 phase. There is a possibility these crystal structures are other RE, 

such as Eu or Dy due to that these space groups belong to Ln3BO6 (Ln = Pm to Yb) [10]. 

The aluminates phases observing in sample 83 are YAlO3 orthorhombic (perovskite like crystal structure) (PDF 

074-4232) and monoclinic Y4Al2O9 (YAM) (PDF 00-0055-1088) [12]. Yttrium orthoaluminate, YAIO3, is known 

to have a perovskite like crystal structure (I). It is therefore usually termed YAP (yttrium-aluminum-perovskite) 

in analogy to YAG (yttrium-aluminum-garnet). Its potential as an efficient laser host has been extensively 

studied in the past [2-7]. In order to facilitate the discussion on the defects responsible for the absorption, exact 

structural information was required. So it was decided to perform a complete crystal structure analysis of YAIO3 

by X-ray methods.  

From measured the 3D excitation emission matrices (EEM) of the samples and present the topographic view 

of the normalized spectra in Figure 2 it is compared the photoluminescent efficiency by different synthesis 

conditions of the samples. 

The orange-red emission (around 620 nm) from all samples is indication for an interpolation of europium ions 

into the crystal structure of yttrium aluminates due to their comparable valence and ionic radii, Eu2+ 

incorporates onto Y2+ site.  

The spectra of sample 83 (doped with Eu) and sample 87 (doped with Eu and Dy), both synthesized at 

reduction atmosphere, exhibit same fluorescent peaks but for sample 87 are stronger. These fluorescent 

triplets at range 580 nm - 650 nm are typical for europium ions into crystal structures of yttrium compounds 

and as is known the dysprosium ions increase the emission of Eu ions due to energy trap mechanisms.  

Of the Eu and Dy containing samples, sample 87 exhibited a weak fluorescent peak around 685 nm (Figure 3).  

Sample 85 fabricated at air conditions was characterized with two strong emission peaks in the orange-red 

region. The peak at 620 nm is characterized with maximum excitation efficiency at 270 nm. The peak at 700 

nm has been maximum excitation efficiency at 340 nm. This sample has the highest emission/excitation 

spectral distance Δλ= λem,max - λexc,max equaling 350 nm and 360 nm for both peaks. 
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Figure 2 Excitation-emission spectra of the samples 
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Figure 3 Photoluminescence spectra for the samples 

4. CONCLUSIONS 

Yttrium aluminates and borates doped with europium and dysprosium have been synthesized and investigated 

by powder X-ray diffraction and photoluminescence analysis. 

The obtained materials were fine white crystalline powders. The XRD patterns show formulation of several 

crystalline phases - predominately non-reacted aluminum oxide, polymorph modifications of yttrium borate and 

yttrium orthoaluminates.  

Europium and dysprosium doped samples exhibit strong fluorescence. 

Yttrium-based red powder phosphors have a potential for practical application in lightning industry and other 

optoelectronic devices. 
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Abstract 

Tungsten-copper composites feature high corrosion and erosion resistance, very good thermal and electrical 

conductivity, low thermal expansion and good mechanical properties. They are used in a variety of demanding 

applications, such as arc-resistant electrodes, high voltage electrical contacts, heat sinks for integrated circuits, 

etc. They are also foreseen for use in plasma-facing components of fusion reactors, e.g. as a transition layer 

between the (refractory) plasma-facing tungsten and the (highly conductive) copper-based cooling structure. 

In general, high density and good bonding of the tungsten and copper phases is desired. Molten copper 

infiltration into tungsten preforms is among the prospective fabrication technologies; the structure and 

properties of the resultant composites are dependent on the specific technological parameters. 

In this paper, the preparation of W-Cu composites by infiltration of W skeletons is reviewed and attention is 

paid to the influence of these particular parameters: infiltration temperature, time and atmosphere, tungsten 

preform porosity, orientation and chemistry (presence or absence of other elements). Optimum parameter 

combinations for achieving high density and proper bonding of copper and tungsten are identified. 

Keywords: Tungsten, copper, composites, molten copper infiltration 

1. INTRODUCTION 

Tungsten-copper composites combine a number of beneficial properties of both the constituents, such as the 

excellent thermal and electrical conductivity of copper and the high strength, hardness and erosion resistance 

and low thermal expansion of tungsten [1]. Thanks to these, they are used in a variety of demanding 

applications, such as arc-resistant electrodes, high voltage electrical contacts, heat sinks for integrated circuits, 

high-temperature erosion nozzles, etc. [1,2]. Moreover, W-Cu composites exhibit better machinability in 

comparison to pure tungsten [1]. These composites are also foreseen for use in plasma-facing components of 

fusion reactors, where a refractory and erosion-resistant material such as tungsten has to be provided on the 

plasma facing surface, while a highly conductive material such as copper is needed for the underlying heat 

sink. The largely different properties and operational temperature windows of these two materials present a 

major challenge, which can be alleviated by introducing an interlayer with intermediate properties, such as the 

composite [3]. This interlayer can also have a gradually varying composition, which further reduces the stress 

concentration [4,5,6]. 

The W-Cu composites can be produced by a variety of techniques, including cold spraying [7], plasma spraying 

[8], high-velocity oxy-fuel spraying [9], selective laser melting [10] and various types of powder metallurgy 

techniques - for example, cold compaction + sintering [11], spark plasma sintering (SPS) [12], pulsed plasma 

sintering [13], microwave sintering [14], liquid phase sintering [15], hot pressing [16] or powder injection 

molding (PIM) [17]. A particular technique, making use of the largely different melting points of tungsten and 

copper, is the molten copper infiltration into pre-sintered tungsten skeletons, which is the focus of this paper. 

This technique results in a structure with both phases being contiguous, which can be beneficial for some 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1005 

applications. The contiguity of the phases may also affect the properties of the composite, such as thermal 

expansion [18] or thermal conductivity [19]. In general, high density of the composite and good bonding of the 

tungsten and copper phases is desired. This can be to a large extent influenced by the parameters of the 

fabrication technology. This paper reviews the prospective approaches in liquid copper infiltration into porous 

tungsten skeletons and focuses on specific parameters which affect the density and interparticle bonding. 

2. PREPARATION OF W-CU COMPOSITES BY LIQUID COPPER INFILTRATION 

This method generally consists of two steps: preparation of porous W skeleton by sintering and its infiltration 

by a molten copper. In the following, the role of these specific parameters will be discussed: infiltration 

temperature, infiltration time, infiltration atmosphere, W skeleton pore size, configuration of the infiltration setup 

and chemistry (of both the skeleton and the infiltrating liquid). An overview of parameters used in exemplary 

case studies in provided in Table 1. 

2.1. Infiltration temperature 

The melting point of copper is 1085 °C. However, the experience shows that temperatures just above this 

value are generally not sufficient for a successful result. For proper filling of the porosity and good bonding of 

the copper and tungsten phases, proper wetting of the tungsten particles by the liquid copper is necessary. 

According to [20], the wetting angle is about 25° at 1150 °C, but it gets close to zero in the 1300-1400 °C 

range. Therefore, this temperature range can be considered optimal for proper wetting when infiltrating with 

pure copper and it has been used in majority of such experiments listed in Table 1. Using lower temperatures 

typically resulted in lower densities, although the differences were often moderate [20-22]. Still, in [3], infiltration 

at 1150 °C is reported with apparently fully dense structure. Lower temperatures are generally used with alloys 

having lower melting point than pure copper, such as Cu-Zn alloy [23] or Cu-based metallic glasses [24, 25], 

or in combination with additional driving force for the infiltration, such as hot isostatic pressing(HIP) [26] or 

centrifugal force [3,27]. Besides the most common heating in a furnace, current heating (similar to spark 

plasma sintering) can be used; high current densities lead to markedly reduced processing times [30]. 

Combustion heating with the use of thermite reaction [29-31] can reach temperatures estimated in the 1800 - 

2500 °C range. 

2.2. Infiltration time 

Typical processing times found in the literature (cf. Table 1) were in the range of 1-3 h. The required time is 

necessitated to ensure thorough heating of both constituents, i.e. the skeleton and the infiltrant and to allow 

its full penetration throughout the structure. The latter factor depends also to some extent on the size of the 

final product. With the use of rapid heating techniques, the processing times can be significantly reduced - e.g. 

for the combustion heating, times about 5 min were reported [29], for current-assisted melt infiltration (CAMI) 

even about 5 s [28]. The latter case resulted in ultra-fast processing, however, the produced composites were 

inhomogeneous and porous. When the liquid penetration was assisted by the centrifugal force, processing 

times of the order of 5 min were reported [27]. 

2.3. Infiltration atmosphere 

The atmosphere under which the infiltration is carried out also plays a role. In the literature survey, either 

vacuum or inert gas (argon, nitrogen) were found, but most often a reducing atmosphere (hydrogen). Reducing 

atmosphere has the beneficial effect of suppressing the formation of tungsten oxides (or reducing those that 

may have been already present) [21]. Liquid copper has high contact angles with several oxides, therefore, 

oxidized W skeleton is wetted less efficiently and this impedes the infiltration process. In [21], sintering and 

infiltration tests conducted in air were reported to result in no infiltration. Apart from vacuum, atmospheric 

pressure was used in practically all works surveyed; only in [26], a higher pressure argon (at 98 MPa) was 
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used in a HIPping step (with the pre-form in an evacuated capsule) to aid the copper penetration. When gases 

are used, care must be taken to prevent their entrapment in the skeleton, which would hinder the infiltration 

and result in porosity in the finished product [21]. This can happen during spatially inhomogeneous 

advancement of the infiltrating copper that may enclose the gases remaining in the skeleton [21,32]. This will 

be further discussed in the subsequent section. 

2.4. Geometric configuration of the infiltration setup 

In general, two driving forces can operate during the copper infiltration - gravity and capillarity. Consequently, 

two variants of the mutual orientation of the copper and tungsten can be used in the most simple arrangements 

- when the copper is placed on top of the tungsten skeleton, it flows down freely into the pores under the action 

of gravity; when the skeleton is placed on top, the copper seeps into the pores driven by the capillary forces. 

In the literature surveyed, both instances were represented equally often (if mentioned at all). In [21], placing 

the skeleton on top is recommended, to prevent entrapment of the gases if the molten copper flows down 

faster on the sides of the preform than though the center. Gas entrapment can happen in the opposite 

configuration as well, as mentioned in [32]. Due to the wall tension, liquid copper may cover the lateral surfaces 

of the skeleton faster than penetrate through the bulk. To prevent this phenomenon, a zirconia coating on the 

bottom parts of the skeleton walls was used in [32]; the composites prepared with this uni-directional infiltration 

featured higher strength than those prepared without the zirconia layer. 

In the more advanced configurations, such as combustion heating + centrifugal infiltration, the tungsten 

preform is placed at the extremity, in the direction of the centrifugal force, this is followed by the copper and 

termite (or their mixture) towards the center [29-31]. In [3,33] the centrifugal infiltration concept was used in a 

cylindrical geometry, when a tungsten preform consisting of braided fibers was placed in a rotating tube, with 

the copper infiltrating it from the center. This way, composites of tubular shapewere produced. In the CAMI 

method, Cu powder layer was sandwiched between two W powder layers [28]; because of different porosities, 

significantly higher current density was estimated for the W powder. 

For larger compacts, some spatial variation of the infiltration process and therefore microstructure may occur. 

For example, in W-Cu compacts of 19 mm height, non-negligible variations in Cu content, W phase contiguity, 

hardness, elastic modulus and electric conductivity were observed [34]. 

2.5. Porosity of the W skeleton 

To ensure a complete infiltration, the W skeleton needs to have a continuous network of open pores [4]. The 

size of the pores in the skeleton influences the infiltration process, as the capillary pressure is inversely 

proportional to the pore diameter [35]. The pore shape plays a role as well - deep and narrow pores take longer 

to infiltrate. For larger pores, the capillary pressure is smaller, thus they are easier to infiltrate; on the other 

hand, too large pores may be unable to retail the liquid, for the same reason. In [35], the following pore 

characteristics are recommended for optimum infiltration: sizes between 1 and 4 μm, length to radius ratio 

between 1 and 8. 

The pore size is primarily controlled by the size of the W feedstock forming the skeleton (typically powder) and 

the degree of its sintering. In the surveyed literature (cf. Table 1), the most typical W powder sizes were of the 

order of m, but the sizes used ranged from hundreds of nm to tens of m, without any obvious limitations for 

the degree of infiltration. For skeletons prepared from powders of narrow size distribution, the maximum 

achievable porosity is about 35 % (the space among loosely packed powder particles); this can be only 

reduced by subsequent sintering. If a higher porosity volume - and therefore higher Cu content in the composite 

- is desired, additional steps need to be taken. In [4], the porosity of the W skeleton was increased by adding 

an amid wax as a placeholder, which was subsequently removed by debinding at moderate temperature before 

the final skeleton sintering. In [36], tungsten oxide was added to W powder to increase the W skeleton porosity; 
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the oxide was reduced to tungsten by sintering in a hydrogen atmosphere. In [37], the porosity was increased 

by oxidation and volatilization of sintered W skeleton using a mixture of argon and water vapor at elevated 

temperature. All three approaches permit the formation of porosity gradients. Alternatively, a porosity gradient 

can be formed by layering of powders of varying size, as the degree of sintering generally increases with 

decreasing particle size [26,32,37,38]. The porosity can be further controlled by the feedstock geometry. For 

example, the usage of W preform consisting of braided W fibers resulted in much higher Cu content in the 

composite than in composites made from W powder [3]. The fiber-reinforced composites also featured higher 

strength than their powder-based counterparts [39,40]. 

2.6. Composition 

The outcome of the infiltration and thus the properties of the composite can be to a large extent influenced by 

the composition of both the preform and the infiltrant. Typically, the addition of certain (active) elements to the 

W feedstock can a) improve the sintering of the skeleton itself, and b) increase the wetting of W particles by 

the infiltrant, thereby improving the infiltration efficiency [32,41]. These elements are typically Ni, Co, Fe or P 

and can be applied either as a coating on the W particles or as a powder admixture; in the latter case, their 

action is facilitated by diffusion during the infiltration process. 

Improved wetting by a small Ni additive was demonstrated in [32]. In a similar experiment, Ni was found to be 

better than Co [42]. In [43], 0.05% addition of Ni was found optimal, while higher Ni content led to higher 

sintering temperature and lower homogeneity. In [44], W particles coated with Ni, Ni-P and Cu-Ni-P have 

resulted in composites having higher density, but lower W contiguity. About 10 % improvement of density of 

the infiltrated composite was found in [41] when using Ni or Ni-P coatings on the W powder, leading to reduced 

electric resistivity. In [39,45], improved contiguity of Cr-coated W fibers and connectivity with neighboring W 

powder particles was demonstrated. Similar improvement was observed for Ni coating on the W fibers, leading 

to a marked improvement in tensile strength and electric breakdown strength of the composite [40]. 

Besides additional elements, the same material as the infiltrant, i.e. copper, can be also added to the W 

preform. In several studies, the preform was made from a mixture of W and Cu [21,22,45-52]. This approach 

eases the sintering of the preform and also contributes to increased Cu content, however, can disturb the W 

contiguity. Application of Cu coating to the W powder has led to superior properties, such as homogeneity, 

hardness, electric and thermal conductivity and arc erosion resistance, compared to composites made from 

powder mixtures [48]. Additional reinforcement of the infiltrated W-Cu composite by graphene results in 

improved uniformity and arc erosion resistance [53], while a Cu-coated graphene prevents interfacial reactions 

between tungsten and graphene and improves the structural homogeneity [54]. 

As mentioned before, replacement of copper with alloys having lower melting point permits using lower 

infiltration temperatures. For example, in [23], Cu80-Zn20 alloy was infiltrated at 1100 °C into a W fiber preform 

with adequate density. For Cu-based metallic glasses, infiltration temperatures in the 850-900 °C range were 

found optimal forCu47Ti33Zr11Ni6Sn2Si1 [24] and around 965 °C for (Cu50Zr43Al7)99.5Si0.5[25]. 

3. CONCLUSION 

In this article, the preparation of W-Cu composites by liquid Cu infiltration of W skeletons was reviewed. The 

role if specific technological parameters, namely the infiltration temperature, time and atmosphere, geometric 

arrangement, skeleton porosity and composition of the preform and infiltrant, was addressed. From a number 

of surveyed case studies, the suitable parameter combinations for achieving high density and good bonding 

of the W and Cu phases were pinpointed. These results can aid in the preparation of such composites for 

demanding applications or in further developments of the technique. 
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Table 1 Overview of technological parameters used in the surveyed case studies on Cu-infiltration of W  

               skeletons. Ref. = reference, Preform = characteristics of the preform, Cu infiltration - parameters of  

               the infiltration, Atm. = atmosphere used during the infiltration, Main advantage - factor(s) of a  

               particular setup that are considered advantageous 

Ref. Preform Cu infiltration Atm. Main advantage 

[32] 

W 6 m, sintered at 1400 - 
2150 °C, H2, ~78% density 

W+0.05%Ni milled 
+ZrO2 wall to reduce wall tension 

1300 °C, 2h H2 

1) Ni additive - improved 
wetting 

2) ZrO2 wall -> directional 
infiltration, no trapped gas 

[42] W 6 m + 0.05, 0.25, 0.5% Ni or 
Co 

1250 - 1300 °C, 2h H2 
additives for improved 

wetting 

[44] W 8 m, electroless-plated by Ni, 
Ni-P, Ni-Cu-P 

1300 °C H2 coating for better wetting 

[28] W 100 nm, Cu 45 m 
current-activated melt 

infiltration 
Ar rapid heating 

[35] W ~10 m, sintered at 1330 °C/5h 
+ 1790 °C/5h, H2 

1400 °C, graphite boat, 2h H2   

[20] W fiber preforms 
1200, 1300 °C, 1h, alumina 

crucible 
    

[43] W <6 m + 0.05, 0.25, 0.5% Ni, 
sintered at 1250-1550 °C, 4h, H2 

1300 °C, 1h H2 
Ni additive for improved 

wetting 

[55] W <6 m, sintered at 1550 °C, 4h, 
H2, p=200-663 MPa 

1300 °C, 1h H2 
higher p -> lower T for W 

sintering 

[30,31] 
W fibers + Cu powder preform + 

thermite 

 Combustion synthesis melt 
infiltration under ultra-high 

gravity, ~2550 °C 

vacuum 
100 Pa 

centrifugal force + high T 

[46] W 1.3 m + Cu 1 m; sintered at 
1000 °C, 2h 

1300 °C, 3h H2   

[21] W 1 m, Cu 10 m PIM preforms 1150, 1200, 1250 °C, 1h H2   

[23] W fibers 1100 °C, 4h (Cu-Zn alloy) H2   

[47] W 5 - 7 m, Cu <80 m; 80:20 and 
70:30 

1350 °C, 90min H2 
cold pressing of powder 

mixture + infiltration 
sintering 

[48] 
W 6 - 8 m + Cu mixture; Cu-

coated W 12-14 m 
1350 °C, 90min H2 

cold pressing of powder + 
infiltration sintering 

[26] 

graded W (1 - 3 m) skeleton, 
sintered at 1770 °C, 0.1 MPa, Ar, 

8h, open HIPped at 1800 °C, 
181 MPa, Ar, 4h 

1100 °C, 2h Ar 
evacuated HIP can, Ar 

pressure 98MPa 

[24] W wires 800 m 
800 - 1000 °C, 10 - 30min 
(Cu-based metallic glass) 

Ar   

[39] 
W wires, coated by Cr by PVD + 
W+Cu+Ni powder; pre-sintered 

1300 °C, 2h H2 Cr coating 

[22] 
W 4 m + 24% Cu <63 m + 1% 
Ni 5 m, pressed and sintered at 

950 °C, 30 min 
1150 °C, 30min H2, N2   

[37] 
W skeletons with porosity gradient 

prepared by oxidation and 
volatilization 

no details   porosity gradient  
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[41] W 8 m, electroless-plated by Ni, 
Ni-P, pressed at 348 MPa 

1300 °C, 1 h 
N2/H2 
80/20 

coating for better wetting 

[3] 
W skeleton, cold pressed + 
sintered at 1150 °C, 2 h, H2 

1150 °C, 2 h H2   

[3,33] braided W fibers, 50 mm centrifugal melt infiltration   
centrifugal melt infiltration 

for tubular shape composite 

[25] W wires 
965, 990, 1015 °C, 10, 15 

min (Cu-based metallic 
glass) 

    

[36] 
W powder 2 m + 5%, 10%, 15% 
BTO powder 11 m, cold pressed 

+ sintered at 1400 °C, H2 
1300 °C, 1 h H2 

blue tungsten oxide (BTO) 
addition to increase W 

skeleton porosity 

[49] 
W 10 m + 5%, 8%, 20% Cu 22 

m mixture, pressed 

microwave vacuum 
infiltration sintering, 1200 °C, 

3 h 
vacuum   

[4] W 4 m + amid wax, pressed + 
sintered at 1200 °C, 1 h, H2 

1200 °C, 30 min (Cu1CrZr 
alloy); Cu1CrZr plate on top 

  additive for porosity control  

[50] 
W 8 m, 800, 600, 400 nm + Cu 

50 m, 75:25, pressed at 340 MPa 
sintering+infiltration 1350 °C, 

40 min 
H2 

fine W powders -> bi-
continuous structure 

[27] W 1 - 6 m, pressed, sintered at 
1350 °C, 1.5h, H2 

centrifugal infiltration, 
1150 °C, 5 min 

vacuum 
or added 

flux 
  

[51] 
W 500 nm + Cu 50 - 70 m, 75:25, 
pressed + sintered at 1050, 1150, 

1250, 1350 °C, 2 h, H2 
2 h H2   

[29] W 3 m + Cu 3 m blends + 
thermite 

high-gravity combustion 
synthesis and melt-

infiltration, T~1800 °C, 5 min 
  centrifugal force + high T 

[54] W 5 - 7 m + Cu 3-5 m + Cu-
coated graphene, pressed 

Cu block on top, 1300 °C, 90 
min 

Ar   

[40] 

W powder 4 - 6 m + Cu powder 
50 - 70 m + W fibers (uncoated or 

Ni-coated by electrolessplating), 
pressed + sintered at 1300 °C, 2 h 

1300 °C, 2 h H2 
Ni coating for reduced 

porosity  

[45] 

W powder 500 nm + Cu powder 50 
- 70 m + W fibers (Cr-coated by 
magnetron sputtering), pressed + 

sintered at 1350 °C, 2 h 

1350 °C, 2 h H2 
Cr coating for improved 

sintering  

[52] 

W powder 4 - 6 m + Cu powder 
50 - 70 m + W fibers (Ti-coated 

by magnetron sputtering), pressed 
+ sintered at 1350 °C, 2h 

1300 °C, 2 h (Cu+0.5%Cr) H2 
Ti coating for improved 

sintering   

[34] 
W powder, pressed at 300 MPa, 

sintered at 1550 °C, 4h, H2 
1300 °C, 1h, Cu on top H2 

study of spatial 
homogeneity  
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Abstract 

Tungsten-based materials are the most prospective candidates for plasma-facing components of future fusion 

devices, such as ITER and DEMO. For joining of the tungsten armor to the cooling or structural parts, 

composites and graded layers can be used as stress-relieving interlayers. 

This work presents a feasibility study of W+Cu composites preparation by plasma transferred arc (PTA) 

cladding on tungsten substrates. Basic optimization of the process was carried out to achieve dense and well 

bonded layers. Formation of a functionally graded material (FGM) was also attempted. The structure, 

compositional profiles and fracture surfaces of the claddings prepared at different conditions were 

characterized. 

Keywords: Tungsten-copper composites, plasma transferred arc cladding, fusion materials 

1. INTRODUCTION 

Thermonuclear fusion is a promising source of energy supply for the future, with a number of potential 

advantages, such as stability, safety, abundance of fuel, absence of fossil fuels and therefore minimal 

greenhouse gas production, high efficiency of the energy production, minimal dependence on locality [1]. Its 

successful realization depends strongly on materials able to function in the harsh environment - in the 

European Fusion Roadmap, four out of seven main challenges are connected with materials [2]. This 

particularly concerns materials for the so-called plasma facing components, which will be subjected to a 

combination of various loading - high heat and particle fluxes from the plasma, physico-chemical and 

mechanical loads [3]. For the plasma facing surface, tungsten is the main candidate material, thanks to its 

favorable properties, such as high melting point, good thermal conductivity, high-temperature strength, high 

resistance to erosion by plasma species, etc. [4,5]. The plasma facing armor needs to be joined to a cooling 

system, foreseen to be made from a copper alloy or low activation stainless steel. This presents a particular 

challenge, as the joint of two dissimilar materials develops high stresses upon temperature excursions, 

primarily due to difference in thermal expansion [6]. The stress concentration at the interface can be alleviated 

by joining layers with intermediate properties [7]. These could be either from a third material (the selection of 

these is however rather limited) or composites consisting of the armor and cooling system materials [8]. 

Moreover, W-rich composites (so-called “tungsten heavy alloys”) are also considered for the plasma facing 

armor, primarily thanks to their higher ductility and easier fabrication compared to tungsten [9,10]. 

The composites can be produced by a variety of techniques. These include powder metallurgy techniques, 

such as hot pressing [11], spark plasma sintering [12], microwave sintering [13], melt infiltration into W skeleton 

[14], combustion synthesis and centrifugal infiltration [15], as well as coating/cladding techniques, such as cold 

spraying [16], plasma spraying [17,18,19], high-velocity oxy-fuel spraying [20] or plasma transferred arc 

cladding [21]. The latter group of techniques has a major advantage in the possibility to reduce or eliminate 
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the need for joining. Other potential advantages include the ability to coat large areas, high material throughput 

and the possibility of compositional control, enabling the formation of functionally graded materials (FGMs) 

that replace sharp interfaces with a gradually varying composition [22]. 

The PTA cladding (also called PTA hardfacing or overlay welding) consists of powder material being introduced 

into a plasma jet, formed in gaseous medium (typically argon) by an electric arc, where it is heated and 

propelled towards the base material. The transferred arc attaches to the base material and contributes to 

melting both the base material and the filler material [23,24]. The resulting melt pool ensures strong 

metallurgical bonding and facilitates the formation of dense layers. A large variety of metallic materials, as well 

as composites, can be processed by this technique. Recently, pilot experiments with W+Ni and W+Cu 

claddings on steel substrates were carried out [21]. Due to base material melting and dilution, steel species 

penetrated throughout the cladding and reacted with tungsten, forming brittle intermetallics. On the other hand, 

initial experiments on copper substrates revealed difficulty in forming dense layers, which was ascribed to 

rapid heat removal from the surface through the highly conductive copper base material [25]. Therefore, the 

current experiments were carried out using W and Cu powder mixture on W substrates. The aims of this work 

were to assess the feasibility of forming composite cladding for this combination of materials, perform initial 

optimization of the process towards dense layers and provide basic characterization of the claddings. 

2. EXPERIMENTAL DETAILS 

As the base material, 5 mm thick tungsten plates prepared by powder metallurgy (Porexi, Ostrava, Czech 

Republic) were used. As the filler materials, pure tungsten (mean size around 80 m; GTP, Towanda, USA) 

and pure copper (mean size around 170 m; Stamont, Žilina, Slovakia) powders were used. The tungsten 

powder had angular, nearly equiaxial shape; the copper powder had mostly round, but highly irregular shapes 

as a result of melt atomization [21]. Prior to cladding, the powders were dried in an oven for several hours. The 

powders were fed into the plasma jet at various ratios, in an attempt to form graded layers. To facilitate setting 

relative feed rates of the powders for desired weight or volumetric ratios, their apparent densities were 

determined. These were 8.63 g/cm3 for tungsten and 3.48 g/cm3 for copper. 

For the cladding, a PPC 250 R6 automatic plasma surfacing machine (KSK, Česká Třebová, Czech Republic) 

was used. The cladding was performed in an in-house built protective chamber being flushed with inert gas, 

to prevent oxidation. During the experiments, the following process parameters were varied: torch current, 

plasma forming gas and powder mixing ratios. All other parameters were kept constant and are described in 

detail in [26]. Prior to cladding, the base material was preheated by the torch without powder feeding. Each 

cladding was made from five layers with the following weight ratios of the fed powders: 15%, 30%, 50%, 75% 

and 100% Cu. 

For an overview of the cladding structure, light microscopy (Neophot 32, Carl Zeiss, Göttingen, Germany) was 

used on metallographic sections. For detailed microstructural observations, scanning electron microscopy 

(SEM) was used (EVO MA15, Carl Zeiss SMT, Oberkochen, Germany). Energy-dispersive spectroscopy 

(EDS; XFlash5010, Bruker, Berlin, Germany) integrated in the SEM was used to quantify the composition. 

Fracture surfaces of selected samples were also observed by SEM. 

3. RESULTS 

The work consisted of five cladding experiments, between which one or more process parameters were 

modified. The parameters for the first experiment were set based on previous experience with cladding W-

based materials [25,27]. Visual inspection of the first layer indicated insufficient melting, therefore, the torch 

current was gradually increased for the subsequent layers. Overview of the cross section is shown in 

Figure 1a, detailed microstructures are shown in Figures 1b-d. From the figure, one can conclude that base 

material melting likely did not occur, as it maintains a uniform thickness and straight interface. Nevertheless, 
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good bonding of the cladding without any flaws can be seen (Figure 1b). In the middle of the cladding, larger 

tungsten regions are observed. These could have originated either from imperfect mixing of the two powders 

or from tungsten powder being caught in the nozzle and being released in larger clusters. These regions are 

fully dense, indicating the tungsten particles were molten and fused together. A large copper-only region is 

visible on the top left side of the cladding; likely a result of the copper floating on the surface of the melt pool 

during the cladding process due to its lower density. The tungsten particles in the bottom and middle regions 

of the cladding have markedly modified shapes, indicating that they were molten fully or at least to a significant 

degree. In the top layer, their shape is nearly equiaxial, indicating only moderate degree of melting. The 

interfaces between tungsten and copper were sharp and without any voids or cracks. Therefore, no 

interdiffusion or metallurgical reaction has taken place (as was expected from mutual insolubility of these 

materials), while a good bonding in the liquid phase has occurred. The images also show a large degree of 

layer intermixing, without visible distinction of the individual passes or an overall compositional gradation. 

a b  

c d  

Figure 1 Cross sections of cladding no. 1: a) overview (light microscopy), b-d) detailed microstructures near 
the interface, in the middle and near the surface, respectively (SEM, backscattered mode) 

For the second experiment, the parameters were changed with the aim of more intense melting of the filler 

material. Therefore, torch current was moderately increased already from the first pass. At the same time, the 

lateral motion (“swing”) velocity of the torch was reduced, to provide more intense heating of the base material, 

while the powder feed rates were reduced and torch traverse velocity was increased, to prevent filler material 

accumulation at the edges of the cladding. Cross sections of the cladding are shown in Figure 2. Similarly to 

the first experiment, there appears to be little or no melting of the base material, still with a good bonding with 

the cladding. Again, larger W-only clusters are seen within the cladding, but no large Cu regions on the surface. 

The individual W particles have mostly equiaxial shape, indicating a lower degree of melting. Occasional small 
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pores were observed. The layers were again heavily intermixed, resulting in no global change of composition 

from the base towards the surface. This is also indicated by the EDS line profiles shown in Figure 3. 

a   b  

c   d  

Figure 2 Cross sections of cladding no. 2: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

 

Figure 3/1 Compositional profile (EDS line scan) along the thickness of cladding no. 2 (top image: first ~4 

mm, bottom image: last ~2 mm; W - red line, Cu - green line) 
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Figure 3/2 Compositional profile (EDS line scan) along the thickness of cladding no. 2 (top image: first ~4 

mm, bottom image: last ~2 mm; W - red line, Cu - green line) 

a   b  

c   d  

Figure 4 Cross sections of cladding no. 3: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

The third experiment was aimed at further increase of the filler material melting. For this purpose, separate 

test cladding of single layers with various process gases was performed. From these, the highest temperatures 
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were achieved for the combination of Ar+5 vol% H2 as the plasma gas and Ar+He as the carrier and sheath 

gas. Furthermore, copper baseplate, on which the tungsten plates were placed, was replaced by a steel 

baseplate, to reduce the heat removal from the base material to the baseplate. For increased melting of the 

filler materials, the deposited layers (except the last two, which were rich in copper) were remelted by a torch 

pass without powder feeding. Cross sections are shown in Figure 4. This parameter combination led to 

significant heat input to the base material, which however, resulted in cracking of the tungsten plate and mutual 

mixing of the copper and steel in the molten state. A consequence of this was the formation of intermetallic 

phases on the interface with tungsten grains in the bottom layer (Figure 5). This took place only in small region, 

due to the reaction with the steel baseplate, while majority of the cladding consisted of copper and tungsten 

only, with no third phases. Overall, a rather uniform mixing of copper and tungsten was observed, without 

“islands” of pure W or pure Cu observed in the previous runs. Due to the remelting passes, distinct layering 

can be observed, with finer tungsten grains towards the top of each pass. To qualitatively assess the effect of 

tungsten grain size on the mutual bonding with copper, small samples cut out from the cladding were broken 

and the fracture surfaces observed in SEM. An example of the fracture surface is shown in Figure 6a. The 

image shows that prevalent failure mode was either an intragranular fracture of the tungsten grains (center, 

top right, bottom right grains) or a debonding of the thin intermetallic layer from the tungsten grains (top left, 

top right, bottom left and bottom right regions). There was no significant separation of the copper matrix and 

the tungsten grains, while signs of ductile deformation in the matrix are clearly seen (e.g. around the central 

W grain in the figure). Thus, the copper matrix retained good bonding with the tungsten grains, regardless of 

the modified morphology. Figure 6b shows a fracture in the refined microstructure region, where intense 

mixing of the two phases took place. The tungsten grains have more complex shape, but the facture has similar 

character, i.e. intragranular fracture in tungsten and ductile deformation in copper. 

a   b  

Figure 5 Microstructure of the steel-affected bottom layer of cladding no. 3, showing the intermetallic 

formation (a), enlarged view showing points of local EDS analysis, whose results are summarized in Table 1. 

Table 1 Local elemental composition (wt%) determined by EDS in cladding no. 3 in points marked  

in Figure 5b). 

point O Cr Fe Cu W 

1 1.1 - - - 98.9 

 2 0.9 6.7 28 - 64.4 

3 0.7 - 4.5 94.6 0.1 

4 - 0.6 3.5 95.6 0.3 
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a b  

Figure 6 Fracture surface of cladding no. 3 (SEM, backscattered electron mode):a) region with nearly 

equiaxial W grains, b) region of intense mixing with complex W grains 

a   b  

c   d  

Figure 7 Cross sections of cladding no. 4: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

Next experiment was carried out with the same process gas combination, but with further increased torch 

current. Graphite sheet was added between the baseplate and tungsten plate, to prevent their interaction. No 

intermediate layer remelting was performed. The cross sections are shown in Figure 7. This time, the base 

material apparently remained intact, however, due to irregular powder feeding, there are large tungsten islands 

and the cladding has overall irregular shape. Apart from this, the microstructure is very similar to those from 
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experiments no. 1 and 2. Some porosity was observed at the interface; this likely originates from the powder 

feeding problems, because of which the first layer had to be repeated. 

Since the graphite sheet provided additional thermal insulation, for the fifth experiment the heat input to the 

part was moderately reduced by lowering the torch current. The irregular powder feeding in this experiment 

led to fusing of the part with the steel baseplate on the sides and local interaction with tungsten, leading again 

to local intermetallics formation. The powder feeding issue can also account for the occasional presence of 

larger pores and copper islands in the cladding, although previously observed tungsten islands were not seen 

this time (Figure 8). 

a   b  

c   d  

Figure 8 Cross sections of cladding no. 5: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

4. CONCLUSIONS 

Pilot experiments aimed at formation of W-Cu composites on W substrates by PTA cladding were carried out. 

The formation of dense claddings with several mm thickness and good bonding of the tungsten and copper 

phases was successfully demonstrated. The influence of certain process parameters, affecting mainly the heat 

input to the filler and base materials was at least qualitatively indicated. Although the claddings were prepared 

with a stepwise varying W/Cu ratios, they did not feature a steady compositional gradation. This can be 

attributed to the intense mixing of the layers in the melt pool, due to high heat input from the torch and dynamic 

effect of the plasma jet; the largely different densities and melting points of the two phases may have 

contributed to this as well. The intermixing can be reduced by lowering the heat input to the layers, e.g. by 

lowering the torch current or increasing the traverse velocity, which would result in a shallower melt pool. Still, 
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even in the current form, the composites would be usable for reducing the stress concentration compared to a 

sharp tungsten/copper interface. During these experiments, irregular powder feeding resulted in structural and 

compositional inhomogeneities. This might have been a temporary issue only, as such problems were not 

experienced in other similar experiments [24,27]. They may be alleviated by using spherical powders, which 

feature better flowability. The abovementioned modifications can be the subject of further process optimization. 
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Abstract  

The content of the paper is a brief description of the basic characteristics of the reactive diffusion in the 

dissolution of solid copper in the melt of tin solder. Furthermore, it deals with the theory of growth kinetics of 

intermetallic phases during heat treatment, and a description of lead-free solders and related problems during 

soldering. Experimental part contains layout and design of experiments suitable for the study of reactive 

diffusion, metallographic study and x-ray EDX microanalysis of samples, the calculations of diffusion flows and 

determination of the rate constants of dissolution. 

Keywords: Reactive diffusion, dissolving, lead-free solders, tin-copper system, intermetallic phase 

1. INTRODUCTION 

The reactive diffusion occurs at connecting two solid phases of different chemical compositions as well as at 

the contact of the solid phase A with the melt B [1-10]. The solid phase metal A dissolves in metal B and atoms 

of metal A diffuse into the melt B, usually at the presence of natural convections. Atoms B from the melt diffuse 

into metal A, which dissolves simultaneously and a number of intermetallic phases AmBn may form at the metal 

A surface. These phases grow in metal A with the growing dissolving time. At experiments the temperature T 

is opted so that it is higher than the melting temperature of metal B and lower than the melting temperature of 

metal A. The rate of dissolving and the growth of phases depend significantly on the temperature and time. At 

higher temperatures these processes are very fast compared with the processes in the solid phase. The melt 

B is gradually enriched with the dissolving metal A until saturation is achieved and the process of dissolving 

terminates stops. Concentrations corresponding to the relevant phase diagram - i.e. equilibrium 

concentrations, stabilize on interface boundaries in the solid phase. 

Analogical behavior and formation of new phases can also be expected in more complicated binary or ternary 

systems, in which more intermetallic compounds exist (Figure 1). The reactive diffusion will result in co-

existence of several consecutive phases of solid solutions. A characteristic feature of multiphase diffusion is a 

gradual course of the curve demonstrating the dependence of the concentration c(x,t) on the coordinate x. 

This gradual character of the curve is caused by the fact that primary solid solutions and intermetallic phases 

create at the reaction between two mutually diffusing substances (components). Two-phase areas separating 

solid solutions and intermetallic phases in equilibrium diagrams do not create. This shows discordance 

between the course of diffusion and the equilibrium diagram. The height of individual grades is given by width 

of two-phase areas in the equilibrium diagram. The width of the creating phase depends on the concentration 

curve of each phase and its rate of growth [11]. Some our results at the study of the reactive diffusion were 

published in the journal Defect and Diffusion Forum [12-15] and [16]. 

Unlike the diffusion in single-phase systems, reactions taking place on the interface between individual phases 

assert at diffusion in multiphase systems. It is important whether these reactions are efficiently fast and do not 
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retard the course of diffusion. At the beginning of the diffusion process, when the concentration differences 

are significant, this retardation has to be taken into account. As soon as layers of individual intermetallic phases 

(even if very thin) create, the retardation effect of reaction rates on the phase interface generally disappears. 

 

Figure 1 Multiphase diffusion in the A-B binary system a) hypothetic binary system, b) gradual course of 

concentration 

A growth of phases in metal A after long-term heating and detecting the thickness of layers in the diffusion 

couples metal A - melt B in systems copper - lead free solder will be presented in this paper.  

2. THEORY OF THE PLANAR DISSOLUTION 

For the planar interface boundary when the interface shift during the dissolution is perpendicular to the 

interface, the relation is obtained [12-17] 
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where: lo is the width of the melt column at time t = 0, ρ2, ρ1are densities of the solid and liquid phases, (t) is 

the shift of the interface boundary during dissolution and co is the saturated concentration of the metal A in the 

melt B at the temperature T. The following holds for the time dependence c(t) of the metal A in the melt B 

   
  1

2,






 ola
ta

t
tc 


 . (2) 

Relation (1) describes the time dependence of planar dissolution. Ko is the rate constant of dissolution. Neither 

the diffusion of atoms B from the melt into solid phase A nor the volume changes during dissolution were taken 

into account in the model. Convection in the melt will influence the rate of dissolution and therefore the exact 

value Ko will partly depend on the geometry, in which the planar dissolution takes place. The relation (1) may 

be used for an approximate evaluation of the rate constant of dissolving Ko under precisely defined 

experimental conditions. Figure 2 illustrates the calculated dependences (t) for Cu - Sn system. The values 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1025 

of density ratios ρ2 / ρ1  0.766 for T = 400 °C, co = 0.115 (from the phase diagram Cu -Sn), lo = 1 cm at Ko = 

(0.3  1.2).10-5 s-1 were used in the calculations. Time dependences of the component A concentration in the 

melt, assuming perfect melt homogenisation, are obtained from relations (1) and (2) 

   tK

o
oectc

 1A  (3) 

(a)        (b)    

Figure 2 Graphs of functions (a) (t) - eq. (1) and (b) cA(t) - eq. (3) for the liquid temperature 400 °C in Cu - 

Sn system and various values of Ko = (0.3  1.2).10-5 s-1 for planar dissolution 

3. EXPERIMENT 

3.1. Experimental study of growth of phases and reactive diffusion on planar specimens 

The uni-directional experiment was realized using the “sandwich” specimens. A layer of a tin-based solder was 

inserted between two Cu plates. Three compositions of lead-free solder alloys were used: pure Sn, Sn97Cu3, 

Sn95.5Ag3.8Cu0.7 (in wt%). Two plates of high-purity copper were 0.5 mm thick, the other dimensions were 

20 x 10 mm. The Sn-based solders inserted between the two Cu plates were rolled down to the thickness 0.6 

mm. Copper plates were covered by a layer of suitable flux. The soldered joint was created using a heating 

element. The sandwiches were held at the temperature 255 ÷ 285 °C (above liquid) for 40 - 120 seconds. 

Prepared specimens were subsequently annealed at T = 300 °C for 18, 24, 48 and 92 h.  

The η-Cu6Sn5 grows into during annealing at the temperature T = 300 °C on the interface with the Cu. Copper 

dissolves in liquid Sn-based solder up to the saturation concentration about 4 at.% (2.2 wt.%) Cu. As a 

consequence of Sn diffusion into solid Cu, phase η grows with time and subsequently phase ε (Cu3Sn, 75 at.% 

Cu and 25 at.% Sn) appears close to the  pure Cu. The specimens were cooled on the air after annealing and 

the temperature decreased relatively quickly below the eutectic temperature 227 °C. The joint 

Cu/Sn95.5Ag3.8Cu0.7 is shown in Figure 3 after 24 hours of annealing as an example. 

At X-ray microanalyses we only obtain this value on the straight line, which should be perpendicular to the 

interface boundary. X-ray microanalysis of concentration profiles for Cu/Sn joint is in Figure 4. 

The growth of phase ε should proceed with time according to parabolic law   tt    where  t  is the 

thickness of ε and α phases, it is the constant which characterizes the rate of phase growth. The values  t

can be obtained experimentally using the metallographic pictures from relatively large areas. The evaluated 

values α from the metallography and X-ray EDX microanalysis are presented in Table 1. The calculated values 

α for Cu/Sn, Cu/Sn97Cu3 and Cu/SnAg3.8Cu0.7 joints from EDX measurements were in very good 

agreement. They were determined for t = 18 to 92 hours.  
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Figure 3 Microstructure a) and concentration profiles b) in the joint Cu/SnAg3.8Cu0.7 annealed  

at 300 °C for 24 hours 

 

a) T = 300 °C, t = 24 h       b) T = 300 °C, t = 48 h   

Figure 4 Microstructure and concentration profiles in the Cu/Sn joint 
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Table 1 Evaluation of the rate of growth of phase  in „sandwich“ specimens at temperature T = 300 °C  

EDX analysis 
t 

(h) 
α . 106 

(cm/s½) 
mean   α . 
106(cm/s½) 

Metallography 
t 

(h) 
α . 106 

(cm/s½) 
mean   α . 
106(cm/s½) 

Cu/Sn 

  

3.33 Cu/Sn 

18 5.84 

5.57 
24 3.23 24 5.10 

48 3.43 48 4.38 

  92 6.95 

Cu/Sn97Cu3 

  

3.25 Cu/Sn97Cu3 

18 6.50 

5.41 
24 3.16 24 6.23 

48 3.34 48 4.0 

  92 4.92 

Cu/Sn95.5 

Ag3.8Cu0.7 

18 6.12 

4.76 
Cu/Sn95.5 

Ag3.8Cu0.7 

18 6.6 

4.27 
24 3.42 24 3.63 

48 4.30 48 2.40 

92 5.21 92 4.46 

3.2. Calculation of Sn diffusivities at T = 300 °C based on the growth of the phase ε into Cu  

This tentative calculation was performed using Wagner relation [18-20]. Based on the X-ray analysis of 

concentration curves we searched for the size of interval Δx, where the Sn concentration in Cu decreased 

nearly to zero. We can estimate the diffusivity D from the value Δx and the known time of annealing t using the 

equation: 

  .034.05.1;5.1
2




erfc
tD

x  (4) 

Diffusion joint: Cu/Sn,    t = 48 h, T = 300 °C, Δx = 2 μm, D 2.6 x10-14 cm2/s. 

Diffusion joint: Cu/Sn97Cu3,   t = 24 h, T = 300 °C, Δx  2 μm, D 5.1 x10-14 cm2/s. 

4. DISCUSSION 

Binary system A-B, when element A is in the solid phase, was opted as a model example. During the 

dissolution of the melt B is being saturated with metal A, the melt viscosity may change and then natural 

convection in the melt decelerates with time. This also partly decelerates the rate of dissolution. We have to 

realize that the values of rate constant of dissolution Ko determined experimentally only correspond exactly to 

a particular geometry and conditions of experiment considering the character of convections in the melt 

corresponding to particular experimental arrangement. 

At dissolution an increased concentration of substance A in melt B is near the interface boundary and at the 

experiments in question the melt homogenization proceeds due to natural convection in the melt, e.g. even 

due to small temperature gradient, different densities in the solid phase and melt, vibrations and shakes, etc. 

With extending the time of dissolution during experiments, the rate of convection decreases due to increasing 

the substance A concentration in the melt, because the viscosity of melt usually increases. When the saturated 
concentration in the melt is achieved, dissolution is terminated, equilibrium is set and the interface boundary 

movement may only proceed in consequence of diffusion in the solid phase. However, this process is mostly 

by several orders slower than the interface boundary movement at the metal dissolution in the melt and that is 

why it was neglected in deriving of the interface boundary movement at dissolution. It has to be marked that 

the values of the rate constant of dissolution Ko determined experimentally only correspond to a particular 
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geometry and conditions of experiment due to the character of the convection in the melt pertaining to a 

particular experimental arrangement. 

When observing the growth of phases in system Cu-Sn on planar specimens at the temperature T = 300 °C a 

very irregular growth of phase η, especially into the melt, was discovered and estimates of the rate of growth 

of phase ε into Cu according to the parabolic law were performed as well for the other lead-free solders.  

A fast growth of phases in metal A after long-term heating and detecting the thickness of layers with these 

phases, i.e.  t ,  t  etc. pose considerable time demands on structural and chemical microanalyses of 

specimens. 

5. CONCLUSION 

In this paper the problems of reactive diffusion at the contact of solid phase with solder melt were outlined 

briefly. Examples of particular experimental arrangements were presented. The main intention was to calculate 

time courses of the solid phase dissolution for the cases of planar geometry. The calculations were started 

from the equation (1) describing the kinetics of dissolution. As an example we presented concentration profiles 

in the joints Cu/SnAg3.8Cu0.7 annealed at 300 °C for 24 hours and Cu/Sn at 300 °C for 24 and 48 hours. 
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Abstract 

The paper sets an example of modeling the expansion and bed pressure drop of the cohesive and problematic 

material - titanium dioxide modified by Aerosil R972 in program Ansys / CFX - Fluent using two multiphase 

models, Euler Fluid-Granular Model and Dense Discrete Phase Model at certain predefined conditions in a 

square section fluidized bed cell. The variables bed pressure drop, particle concentration in volume and 

velocity field of solid particles were defined for the simulations in metallurgical processes.  

The research follows on from the previous study of simulating the arrangement of spherical particles with a 

diameter of 2-10 mm and compares them with the experiment, where it was discovered, that the square section 

fluidized cell achieves the best results with spherical particle arrangements of diameter 8 mm. 

Keywords: Titanium white, fluidized bed, pressure drop, Ansys / CFX - Fluent 

1. INTRODUCTION 

Titanium dioxide is a chemical compound of titanium and oxygen. Normally, its naturally contaminated form by 

other metal ions appears in several mineral forms, its artificially created counterpart is called Titanium White 

[1,2].   

Titanium dioxide is utilized mainly in the form of pigment in paints for its distinctive brightness and refractive 

index (reported n = 2.7 in the literature [3]), in the food industry in the form of a dye as catalyst. Other uses of 

titanium white can be found in optics in the form of a suitable material in the manufacture of dielectric mirrors, 

as a thin film from this material, utilized for its high reflectivity, color fastness, whiteness, opacity, and the so 

on. 

These properties can also be exploited for dyeing in the form of pigment for use in plastics, paper, food, 

pharmaceuticals, etc. Its other important feature is also hydrophobia, which is applied in a wide range of 

process industries of various materials and products. In the automotive industry its use can see in the 

production of glass and catalysts for its good antioxidant abilities and in the field of disinfection and self-

cleaning substances, especially in coatings (formation of nanostructures with a lasting effect [4]). More 

recently, it has been used in photovoltaics for power generation and as a material suitable for the ability to 

'purify air' due to its photocatalytic properties. 

Titanium white, due to its granulometric composition, and by the effect of interparticular forces causes 

problematic behavior in transport, handling and storage systems. An effective tool to improve these properties 

is the process treatment of the material (coating with nanometrically structured particles) prepared by different 

methods, granulation, etc.). Fluidization of the material appears to be a very important and efficient process 

modification method ensuring the improvement especially of fluidity in transport and handling systems [5,6,7].  
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In this work it will be presented an example of modeling the expansion and bed pressure drop of the cohesive 

and problematic material - titanium dioxide modified by Aerosil R972 in program Ansys / CFX - Fluent using 

two multiphase models, Euler Fluid-Granular Model and Dense Discrete Phase Model at certain predefined 

conditions in a square section fluidized bed cell [8-13]. 

2. FLUIDIZATION PROCESS 

The behaviour of particle systems during fluidization is quite unique and it is possible to observe a number of 

interesting phenomena applicable in industrial practice [14] as well as a material processing [15-20]. Research 

in the field of particle system fluidization in a rotating fluidized bed as opposed to conventional fluidized beds 

is important for understanding the behavior of centrifugal systems widely used in filtration, drying and 

centrifugal separation. The behavior of the fluidized particle structures is dependent on the particle size and 

the difference in density of the fluidized particles and the medium. 

2.1. Modeling fluidization using multi-phase models 

In modeling fluidization within a fluidized bed, it is presumed that it is a non-stationary simulation, multiphase 

models are used for calculation. In this case of fluidization modeling, two multiphase models were used. Those 

are: Euler Fluid-Granular Model (EFG) and Dense Discrete Phase Model (DDPM). The aim of the simulation 

is to determine bed pressure drop, particle concentration in volume and the velocity field of solid particles. 

The settings for the geometry of the beds with various cross-sections (plan views) such as a circle and a 

regular three, four, five, six, and seven-sided polygon were simplified for the benefit of computational power. 

A circular bed cross-section (plan view) can be replaced by a periodic section of 3D geometry or axially 

symmetrical 2D geometry. The fluidized bed with a regular n-angle cross-section (plan view) can be replaced 

by a periodic section of 3D geometry. The distributor made of fabric can be defined as a porous material, and 

the porous material can be replaced by a porous medium in the form of a single cell zone series. The 

computational geometry will then begin above the distributor and end above the top fabric representing the 

filter. The fabric of the distributor and filter is of the same porous material. 

2.2. Calculation setup - model theory 

General settings were made for both 2D and 3D space, in both cases with double precision, and where flow 

was kept as non-stationary. To determine whether it was turbulent or laminar flow, it was necessary to 

determine the Reynolds number Re from the hydraulic diameter D, the viscosity of the carrier medium μ = 

1.51·10-5 Pa.s and carrier flow rates ν. The hydraulic diameter for a cell with a cylindrical area is equal to the 

diameter of the cell, D = 40 mm. The inlet air velocity is calculated from the air flow rate, which is Q = 0.84 

m3/h. 

	 � 

��� � 


�����
�

� 0.1857 (m/s)            (1) 

�� � ��
� � 491.92              (2) 

�� ! 2300 it is therefore laminar flow. 

2.3. Modeling parameters and properties of TiO2 modified with SiO2 Aerosil R972 

SiO2 Aerosil R972 (Table 1) depicted in Figure 1 a) is commonly used as an additive in silicone sealants, and 

also contributes to their durability. In combination with problematic cohesive powders it also improves their 

flowability and prevents the characteristic sintering of the powders during storage [15]. Hydrophobic silica 

Aerosil R972 has a specific surface area of 130 m2/g (Table 1) and that is why it was chosen for investigating 

the possible improvement in titanium dioxide fluidity. Basic material properties are listed in Table 2. Titanium 
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white was modified with Aerosil R972 during processing by mixing on a vibration grid and subsequent inputs 

were used for modeling fluidization states. 

  

a) 

  

b) 

Figure 1 Scanning electron microscopy image of a) silica particles, b) TiO2 [14] 

Table 1 Defined physical and chemical properties of R972 silica, taken from Evonik Industries AG,  

             Production formation AEROSIL R972 

Description of Aerosil R972   Value 

Specific surface area (BET) (m2/G):  90 -130 

pH value in 4% dispersion: 3.6 - 5.5 

Loss on drying 2 hours at 105 °C ≤ 0.5 

Tamped density ISO 787-11, modified approx.(g/l): 50 

SiO2 content based on ignited material (%) 99.8 

Table 2 Mechanical and physical properties of the investigated TiO2 material, detected in Laboratory of  

             Institute of Transport, FS, VSB - TU Ostrava 

Material description of TiO2  Value 

Average particle size (μm): 0.63   

Angle of internal friction (°): 45.8 

Porosity: 0.8 

Bulk coefficient: 0.164 

Bulk density (kg/m3): 795 - 884   

Bulk weight (N m3): 7.8 - 8.7·103 

Coefficient of internal friction: 1.03 

pH value: 6 - 8 

Whiteness (%): 97 

2.4. EFG Model 

In this multi-phase model in Table 3, the primary (continuous) phase was air, the secondary (dispersed) phase 

was the solid material (TiO2) modified with the properties of Aerosil R972. Transport equations are solved for 

both phases. Both phases have their volume. When the calculation is initialized, the volume fraction of the 

secondary phase (TiO2) is defined. The primary phase (air) is added to 1. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1033 

Table 3 Model parameters, calculation settings, boundary and boundary conditions and material properties  

Model parameters 

Space dimension: 2D / 3D 

Precision: double 

Flow:                                                        non-stationary, Incompressible 

Models:                                                    laminar, EFG for non-stationary flow 

Calculation settings 

Type: pressure based 

Coupling:                                                  simple 

Volume Fraction:                                      quick 

Momentum:                                              2nd order 

Gradient:                                                  green-Gauss Node-based 

Volume fraction: 0.4 

Time stepping method:     fixed 

Time step size:                                         2·10-3 

Max iterations / time step:                        30 

Operating conditions 

Pressure (Pa): 101325 

Gravity (m/s2): 9.81 

Material properties 

Material: Air 

Density (kg/m3):   1.2 

Dynamic viscosity (kg/ms): 1.8·10-5 

Max. volume fraction in bed: 1 

a)                                                   b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 EFG model - titration of volume fraction  
of the titanium white a) contour of the pressure  

(Pa); b) [14] 

Figure 3 EFG model - Patters of axial 

velocity of titanium white in m/s 

(contour plot) [14] 
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The model was set up by modeling a bed dose of 300 g for a circular cell with a flow rate of Q = 0.84 m3/h. 

From Figure2 on the right one can see a longitudinal section of a circular whole, in which the pressures are 

color-coded and depicted by contours. From the scale of the legend, the maximum pressure can be read, 

which is colored red and also represents the pressure drop in the system. The pressure drop determined by 

numerical modeling is ΔP = 1820 Pa. It differs from the measured pressure drop ΔP = 2204 Pa and the 

calculated pressure drop ΔP = 2230 Pa, which can be caused by several input quantities, such as the 

resistance coefficient in the calculation, which is difficult to define when setting the calculation model. Another 

factor that must be defined and considered is the wall function, which in our case was set as a "no-slip" for 

both the gas and the particles themselves. Figure 3 shows a plot of the axial velocities of titanium white for 

the circular cell under consideration and the defined conditions. 

2.5. DDP Model 

a)             b) 

 

Figure 4 Patterns of a) the titanium dioxide bulk fraction and b) the axial velocity patterns of the titanium 

dioxide in the DDP model in m/s [14] 

Transport equations are solved only for the primary phase. The forces acting on the secondary phase (discrete 

particles - TiO2 are calculated from the primary phase flow modified with Aerosil R972). In the results, the 

discrete phase trajectories are calculated with the reverse impact of the primary flow. The secondary phase 

does not have its own volume. Initializing the calculation creates a file with information about the initial state 

and amount of discrete particles. Figure 4 shows the contours of the titanium dioxide bulk fraction on the left 

and the axial velocity contours of the titanium dioxide in the DDP model. 

3. CONCLUSION 

The results of the expansion and pressure drop calculations of the cohesive material bed showed that in a cell 

with a regular hexagonal section, the experimentally measured value of bed pressure drop for 500 g of TiO2 

and flow rate Q = 0.6 m3/h is equal to ΔP = 3742 Pa, the calculated bed pressure drop value for this cell is 

equal to ΔP = 3743 Pa.  Therefore, the calculated value differs from the experimentally determined value by 1 

Pa. Between the experimentally determined pressure drop (ΔP = 2947 Pa) and pressure drop calculated (ΔP 

= 2947 Pa) there was a match for the cell with a pentagonal section into which 400 g of the Aerosil R972 
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modified TiO2 was inserted at air flow Q = 0.6 m3/h. The calculated values were very close to the experimental 

values and it was found that for some cells a smaller air flow was sufficient for the same dose than for others. 

A triangular-sized cell in all cases needs the greatest amount of air flow for aeration, while a seven-sided or 

circular cell in most cases needs the least amount of air required for aeration. In Ansys / CFX - Fluent, models 

were created using two multiphase models, the Euler Fluid-Granular Model (EFG) and the Dense Discrete 

Phase Model (DDPM). The simulation determined the bed pressure drop, particle concentration in volume and 

the velocity field of solid particles. 

ACKNOWLEDGEMENTS   

The paper has been done in connection with project SP2021/53 Student Grant Competition - 
Research in Transport. 

REFERENCES 

[1] AN, K., ANDINO, J.M. Enhanced fluidization of nanosized TiO2 by a microjet and vibration assisted (MVA) 

method. Powder Technology. [online]. 2019, vol. 356, pp. 200-207. Available from: 
https://doi.org/10.1016/j.powtec.2019.08.011. 

[2] LIN, C.H., CHENG, W.T., DU, S.W. Numerical prediction on the variation of temperature in the eroded blast 
furnace hearth with titanium dioxide in hot metal. In: International Communications in Heat and Mass Transfer. 

[online]. 2009, vol. 36, no. 4, pp. 335-341. Available from: 
https://doi.org/10.1016/j.icheatmasstransfer.2008.11.013. 

[3] SLIVA, A., SAMOLEJOVA, A., BRAZDA, R., ZEGZULKA, J., POLAK, J. Optical parameter adjustment for silica 
nano and micro-particle size distribution measurement using master sizer 2000. Microwave and Optical 

Technology. [online]. 2003, vol. 5445, pp. 160-163. Available from: https://doi.org/10.1117/12.558761. 

[4] DVORSKY, R., LUNACEK, J., SLIVA, A., SANCER, J. Preparation of silicon nanoparticular nanocomposite with 

thin interparticular tin matrix. Journal of Nanoscience and Nanotechnology. [online]. 2011, vol. 11, no. 10, pp. 
9065-9071.  

[5] KAO, J., PFEFFER, R., TARDOS, G.I. On partial fluidization in rotating fluidized beds. AIChE journal. [online]. 
1987, vol. 33, no. 5, pp. 858-861. Available from: https://doi.org/10.1002/aic.690330520. 

[6] CADORET, L., ROSSIGNOL, C., DEXPERT-GHYS, J., CAUSSAT, B. Chemical vapor deposition of silicon 
nanodots on TiO2 submicronic powders in vibrated fluidized bed. Materials Science and Engineering: B. [online]. 

2010, vol. 170, no. 1-3, pp. 41-50. Available from: https://doi.org/10.1016/j.mseb.2010.02.024. 

[7] SUNOL, A., CARVALLO, R., SMELTZER, B. Nano layer encapsulation using circulating supercritical fluid 

fluidized bed. Clean Technologies and Environmental Policy. 2015, vol. 17, no. 7, pp. 1831-1836. 

[8] Li, H., TONG, H. Multi-scale fluidization of ultrafine powders in a fast-bed-riser/conical-dipleg CFB loop. Chemical 

Engineering Science. [online]. 2004, vol. 59, no. 8-9, pp. 1897-1904. Available from: 
https://doi.org/10.1016/j.ces.2004.01.041. 

[9] MACHAC, I., SISKA, B., LECJAKS, Z., BENA, J. Fluidization of spherical particle beds with non-Newtonian fluids 
in columns of rectangular cross-section. Chemical Engineering Science. 1997, vol. 52, no. 19, pp. 3409-3414. 

[10] MARTIN, V., ROMERO-DIEZ, R., RODRÍGUEZ-ROJO, S., COCERO, M.J. Titanium dioxide nanoparticle coating 
in fluidized bed via supercritical anti-solvent process (SAS). Chemical Engineering Journal. [online]. 2015. vol. 

279, pp. 425-432. Available from: https://doi.org/10.1016/j.cej.2015.05.014. 

[11] MATSUDA, S., HATANO, H., TSUTSUMI, A. Ultrafine particle fluidization and its application to photocatalytic 

NOx treatment. Chemical Engineering Journal. [online]. 2001, vol. 82, no. 1-3, pp. 183-188. Available from: 
https://doi.org/10.1016/S1385-8947(00)00339-9. 

[12] QIAN, G. H., BAGYI, I., BURDICK, I.W., PFEFFER, R., SHAW, H., STEVENS, J.G. Gas-solid fluidization in a 
centrifugal field. AIChE Journal. [online]. 2001, vol. 47, no. 5, pp. 1022-1034. Available from: 

https://doi.org/10.1002/aic.690470509. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1036 

[13] AHMED, S., SERAJI, M.T., JAHEDI, J., HASHIB, M.A. CFD simulation of turbulence promoters in a tubular 

membrane channel. Desalination. [online]. 2011, vol. 276, no. 1-3, pp. 191-198. Available from: 
https://doi.org/10.1016/j.desal.2011.03.045. 

[14] PROCHAZKA, A. Fluidization research in transport and storage systems. Dissertation. 2015. (in Czech) 

[15] CEP, R., JANASEK, A., SLIVA, A., NESLUSAN, M., BINDER, M. Experimental tool life tests of indexable inserts 

for stainless steel machining. Tehnicki vjesnik-technical gazette. 2013, vol. 20, no. 6, pp. 933-940. 

[16] OUJEZDSKY, A., SLIVA, A., BRAZDA R. Using ICT in education: measuring systems interfaced to computers. In 

9th International technology, education and development conference. INTED Proceedings, 2016, pp. 7509-7512. 
ISBN:978-84-606-5763-7. 

[17] BROŽOVÁ, S., INGALDI, M., ŠPERLÍN, I. Economical aspects of high-temperature heating utilization for 
industrial waste treatment. In: Metal 2013: 22nd International conference on metallurgy and materials. Brno: 

Tanger, 2013, pp. 1735-1739. ISBN: 978-808729441-3. 

[18] KARDAS, E., BROŽOVÁ, S., PUSTĚJOVSKÁ, P. The evaluation of efficiency of the use of machine working time 

in the industrial company - case study. Management systems in production engineering. [online]. 2017, vol. 25, 
no. 4, pp. 241-245. Available from: https://doi.org/10.1515/mspe-2017-0034. ISSN: 2450-5781. 

[19] BROŽOVÁ, S., DRÁPALA, J., KURSA, M., PUSTĚJOVSKÁ, P., JURSOVÁ, S. Leaching refuse after sphalerite 
mineral for extraction zinc and cobalt. Metalurgija. 2016, vol. 55, no. 3, pp. 497-499. ISSN 0543-5846.  

[20] JONŠTA, P., VÁŇOVÁ, P., BROŽOVÁ, S., PUSTĚJOVSKÁ, P. Hydrogen embrittlement of welded joint made of 
supermartensitic stainless steel in environment containing sulfane. Archives of Metallurgy and Materials. [online]. 

2016, vol. 61, no. 2A, pp. 709-711. Available from: https://doi.org/10.1515/amm-2016-0121.  

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1037 

BALL-MILLED HYDROGEN STORAGE IN MG-CU - BASED ALLOYS MODIFIED BY KCL: 

DISTRIBUTION OF COMPONENTS 

1,2Jiri CERMAK, 1Lubomir KRAL, 1,3Pavla ROUPCOVA  

1 IPM AS CR, Brno, Czech Republic, EU, cermak@ipm.cz, lkral@ipm.cz, roupcova@ipm.cz, 

2 CEITEC-IPM, Brno, Czech Republic, EU, cermak@ipm.cz 

3CEITEC-BUT, Brno, Czech Republic, EU, pavla.roupcova@ceitec.vutbr.cz 

https://doi.org/10.37904/metal.2021.4213 

Abstract  

Magnesium and its alloys is a class of materials, which is still one of the most prospective hydrogen storage 

(HS) compositions. This is due before all to their high hydrogen sorption capacity and low cost. However, pure 

Mg must be alloyed with other elements to suppress the tendency to Mg oxidation and to improve the otherwise 

lazy ab/desorption kinetics and to decrease the operation temperature. Also some modifiers, as e.g., hall 

elements and alkali metals, are known to enhance the HS characteristics. It is known that sorption performance 

can be further substantially enhanced by nanosizing. This paper is devoted to study of distribution of 

components in Mg-xCu alloys (x = 9.94 - 21.56 wt%) prepared by high-energy ball-milling (BM). Elements K 

and Cl - as modifiers - were introduced by BM of the Mg-Cu base with addition of KCl. It was found that KCl 

decomposed partly into elements, which entered grains of milled blend. Chlorine anions entered preferentially 

the Mg-rich regions.   

Keywords: Ball-milling, magnesium, copper, hydrogen storage 

1. INTRODUCTION  

Nowadays, all human activities bring growing demands on storage of energy and its easy transportation. It is 

known for a long time that one of safe and clean energy carrier may be hydrogen [1]. Contrary to many 

unsolved technologic problems in the complete chain of practical hydrogen energy utilization, hydrogen is still 

considered for a prospective energy carrier. It is due to the important fact that hydrogen-based energetic avoids 

generation of greenhouse gases.  Among the most challenging tasks is suitable hydrogen storage, which would 

increase the volumetric energy density. It should be remarked at this place that hydrogen compression and 

liquefaction is neither safe nor sufficiently effective. Hydrogen storage in the form of solid hydrides is generally 

considered much more prospective [2]. 

Under various materials, magnesium based hydrides still belong to the most promising storage ones [3]. There 

are, however, problems that impede the introduction of pure Mg as a storage material into the practice. The 

most serious ones are bias to Mg oxidation, high operation temperature of magnesium charging/discharging 

and lazy desorption kinetics. They originate mostly in high thermodynamic stability of the magnesium hydride 

MgH2. On the other hand, abundance of Mg on the Earth, its low cost and high hydrogen storage capacity 

(theoretically 7.6 wt%), are advantageous features that overbalance the drawbacks.  

Many attempts were undertaken to influence magnesium hydride formation enthalpy with the aim to reduce its 

stability and to facilitate the hydrogen desorption. Nanosizing, modifying with additives and catalysis of the 

sorption process are the main ways how to achieve improving in storage performance of Mg-based alloys [4]. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1038 

Copper is a transition metal that was - as an additive to Mg - frequently studied. A special attention focused to 

structure, nanosizing and sorption catalysis of Mg storage alloys with Cu was paid, e.g., in papers [5]. Catalytic 

role of Cu in hydrogen sorption in Mg-Cu binary alloy system was investigated in papers [6]. 

Results on sorption behavior in the Mg-Cu system published up to now are still incomplete. Moreover, it was 

reported that small additions of halide elements, either in the crystalline form or in the dissociated form of 

separated ions show a significant catalytic effect upon hydrogen desorption [7]. This is why the system 

deserves more detailed study. As a first step, it is important to clear the modus of additive distribution. 

Therefore, the goal of the present paper is to investigate how the additive elements are distributed over the 

main phases in BM blend. As model elements, potassium and chlorine were chosen that showed beneficial 

effect upon the storage behavior in our recent study [8]. 

2. EXPERIMENTAL  

Samples were prepared from pure Mg (purity 3N5) and Cu (6N) in the form of splinters. Crystalline KCl (3N) 

was introduced to each milling batch as an anti-sticking additive and also as a component that improves the 

hydrogen storage performance. It was reported [7] that halides, either in the crystalline form or in the 

dissociated form of separated ions show a significant catalytic effect upon hydrogen desorption.   

Three experimental alloys were prepared by high energy BM in hydrogen atmosphere (under the pressure of 

about 1 bar) using Fritsch Pulverisette6 ball-mill. Details of sample preparation were described elsewhere [7]. 

Chemical composition of samples is listed in Table 1. 

Table 1 Chemical composition (wt%) 

element 1 2 3

Mg 56.47 51.27 39.5

Cu 9.94 15.14 21.56

KCl 33.59 33.59 38.94

composition of BM samples (wt%)

 

After the BM, the samples were thermally treated (activated) in order to approach the stable structure and 

composition. The treatment involved several sorption cycles at temperature 360 °C consisting of hydrogen 

charging under pressure of 50 bars for about 3 h and total hydrogen discharging. All manipulations of the 

milled blend were done in the glove box in a protective Ar atmosphere.  

Local chemical composition was done using SEM TESCAN LYRA3 equipped with X-max80 EDS in points 

and/or within small rectangular areas in chosen locations at surface of each sample. For the phase analysis 

XRD EMPYREAN device using CoKa was used.  

3. RESULTS AND DISCUSSION 

Experimental results were obtained for all three samples, but the procedure and sample characterization is 

illustrated below for the sample 2 only, because chemical composition of the sample 2 is approximately in the 

centre of the concentration interval and its characteristics can be considered as exemplary for all samples. In 

other cases, the procedure was analogous. In Figure 1, typical morphology of BM powder is shown. It is 

illustrated that the grain size of majority particles lay between about 1 to 3 μm. Contrary to the fact that KCl 

acted as anti-sticking ingredient, the smallest particles were loosely aggregated to greater groups, which size 

was about 10 μm.  
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Figure 1 SEM microstructure of BM powder - example: Sample 2 

The phase analysis revealed six phases in stabilized samples. Typical XRD pattern is shown in Figure 2.  

 

Figure 2 Typical XRD pattern obtained for activated samples: 1 - MgH2, 2 - KCl, 3 - MgCu2, 4 - Mg2Cu, 5 - 

Cu, 6 - Mg, 7 - MgO 

The powder samples were glued to carbon foil and several EDS analyses were done at chosen locations at 
each sample - see an example in Figure 3. 

At individual chosen point, EDS analysis was done - for the spectrum at point 3, see Figure 4 - and the 

chemical composition was evaluated. Very small concentration of oxygen was present in the form of a low 

amount of MgO (see in Figure 2), which was neglected in further evaluation. Results obtained at all points are 

listed in Table 2. 

(a
.u

.)
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Figure 3 SEM micrograph of BMpowder - example: Choice of analysed locations on Sample 2 

 

Figure 4 EDS spectrum. Example: Spectrum taken at point 3 on Sample 2  

Table 2 Local chemical composition in wt% measured in points chosen at surface of Sample 2 - see Figure 3.  

             Values for spectrum 1 represent the average concentration over entire area. 

 

 

 

 

 

Procedure described above was repeated for all loci and for all three samples. In each location, the ratios of 

concentrations of Mg and Cu and concentrations of Cl and K (in atomic %) were calculated. The former ratio 

expresses the dominant character of the loci, the latter one scales semiquantitatively the grade of 

Spectrum 
Label 

Spectrum 1 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6 Spectrum 7 Spectrum 8 Spectrum 9 

Mg 51.27 60.99 66.46 31.25 46.38 47.56 37.55 63.71 
Cl 15.34 15.41 7.41 22.49 14.09 18.12 34.52 11.84 
K 18.25 12.11 9.66 37.77 16.07 20.40 24.58 6.92 

Cu 15.14 11.49 16.48 8.50 23.45 13.91 3.36 17.53 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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(micro)alloying in the respective locus with K or by Cl. Results, plotted in Figure 5 as dependence of cK/cCl vs. 

cMg/cCu, show the preference of ions and Cl to enter grains of different base composition.  

It is obvious that there is a tendency to a slight enrichment of Mg-rich grains on chlorine from partly 

decomposed KCl. This can be easily rationalized by values of formation enthalpies of solid crystals, Hf , of 

KCl (-435.9 kJ/mol), CuCl2 (-218.9 kJ/mol) and MgCl2 (-641.8 kJ/mol or -(644.28 ± 0.69) kJ/mol [9,10]). 

Comparing these values of Hf, it can be easily concluded that KCl slightly tends to a partial decomposition 

and chlorine anions enter preferentially Mg-rich regions where they are solved or participate in nucleation of 

MgCl2 clusters. 

 

Figure 5 Local chemical composition in randomly chosen loci 

4. CONCLUSION 

The aim of the present paper was to investigate the composition of ball-milled and stabilized Mg-Cu(-KCl) 

alloys that are prospective for hydrogen storage. Special attention was paid to the stability of pristine KCl and 

to preference of its dissociation products, K and Cl, to grains of different chemical composition. It was found 

that ball-milled and stabilized alloys led to a partial decomposition of KCl and that Cl anions preferred 

incorporation into Mg-rich grains and K cations enter the Cu-rich component. Since the hydrogen storage in 

Mg-based alloys is mostly controlled by magnesium hydrides, it can be presumed that K+ rather than chlorine 

anions would control their sorption performance. 
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Abstract 

The jarosite sample was subjected to characterization by dichromatometry, gravimetric analysis, XRD, AAS, 

ICP, SEM and EDS. The particles of this compound are spherical and made up of rhombohedral microcrystals. 

The density of potassium jarosite with arsenic was 2890 kg/m3. The synthesis study of this compound indicated 

that AsO4 replaced SO4, thus forming arsenic jarosite. Such replacement makes of jarosites potential 

compounds for the stabilization of arsenic. The S-shaped decomposition curve of potassium jarosite with 

arsenic in NaOH media showed a modest induction period, a progressive conversion period and a stabilization 

zone which indicates that the reaction has ended. Through alkaline reactivity studies we observed that SO42- 

and K+ diffuse from the arsenic jarosite particle into the solution, and at the same time OH- diffuses from the 

bulk of the solution into the core of arsenic jarosite particles. The result of this process is that Fe, As and O 

remain distributed throughout the particle, forming an amorphous gel of iron hydroxide with absorbed arsenic. 

This arsenic-rich gel does not evolve into crystal phases. Arsenic is retained in this amorphous compound. 

However, when it is exposed to temperatures in the order of 600 °C, it decomposes, giving Fe2O3(s) and As(g) 

as a result. 

Keywords: Potassium-arsenic jarosite, acid mine drainage, iron hydroxide, amorphous gel, stabilization 

1. INTRODUCTION 

Man first got involved with jarosite-type minerals at around 1200 B.C. in Rio Tinto, Spain, where it is believed 

that the silver mines of King Solomon were hidden [1]. This mineral has been found in several parts of the 

world, such as Spain, Peru, and The U.S. among others, as it is an attractive source of silver [1,2]. For instance, 

in the State of Utah, U.S., ores with values of up to 34 Kg Ag/tonne have been found [2]. Figure 1 shows the 

layered distribution of jarosites in Rio Tinto, Spain [3]. Given the nature of jarosites to incorporate Fe in their 

structure, and given the problems the metallurgical industry has faced when removing Fe from 

hydrometallurgical circuits, dozens of researchers have taken the task of establishing a new technology for the 

precipitation of Fe by synthesis of jarosites in such circuits [4-6]. All the known members of the jarosite family 

are represented by the general formula: MFe3(SO4)2(OH)6 where M+ is H3O+, Na+, K+, Rb+, Ag+, NH4+, Tl+, 

1/2Hg2+ [7]. SO4 in the general jarosite formula can be partially replaced with AsO4, thus producing arsenical 

jarosites, such as potassium-arsenic jarosite. The property of jarosites of incorporating arsenic into their 
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structure makes them potential media for the removal of this and other toxic elements from the environment. 

This piece of work is part of a wider study that aims to eliminate arsenic from acid mine drainage, and based 

on this goal, in this paper we study the stoichiometry of the reaction of potassium jarosite in NaOH medium in 

order to determine the reaction products and to observe whether arsenic diffuses into the alkaline solution. 

 

Figure 1 Layered distribution of jarosites in a gossan ore. Polarized light [3] 

2. MATERIALS AND METHODS 

2.1.  Synthesis 

A sample of arsenic jarosite was synthesized following the experimental conditions used by Flores et al. [8]. 

This compound was characterized by dichromatometry, gravimetric analysis, inductively coupled plasma 

spectrometry (ICP), atomic absorption spectrophotometry (AAS), X-ray diffraction (XRD), and scanning 

electron microscopy with energy-dispersive X-Ray spectroscopy (SEM-EDS). The solids of the synthetic 

arsenic jarosite were filtered and thoroughly washed with hot water (70 °C) to remove Fe and AsO42- residues. 

They were subsequently dried in a muffle furnace at 70 °C for 3 hours, then weighed and wet-sieved in order 

to determine particle size distribution; in addition, their density was determined using a pycnometer. 

2.2. Experimental procedure 

The experimental procedure for the study of the decomposition of arsenic jarosite in NaOH medium was similar 

to that used in previous works by Patiño et al. [9]. The alkaline decomposition was conducted in a 0.5 L glass 

reaction kettle placed on a hotplate with automatic temperature control and magnetic stirring. pH of the solution 

was constantly measured with an Orion 3 Star pH-meter equipped with a Thermo Ross Ultra Sure Flow pH 

electrode. The study of the reactivity of arsenic jarosite in NaOH medium was conducted using 0.20 gr of 

jarosite solid with 38 µm particle size in a volume of 0.5 L. The OH- concentration of the working solution was 

determined by considering the constant of the ionic product of water and the pH of the alkaline solution at the 

work temperatures we used [10]. The decomposition process of arsenic jarosite is characterized by the 

elimination of potassium and sulfate ions from the lattice of this jarosite into the solution. Therefore, the 

progress of the reaction was monitored by taking 5 ml samples of the solution that were filtered and analysed 

to determine sulfate concentration by ICP and potassium by AAS. Likewise, residual solid samples were taken 

at different reaction times and analysed by SEM-EDS and XRD. 

3. RESULTS AND DISCUSSION 

Potassium jarosite incorporated 3.82 wt% arsenic as arsenate (AsO4) in its structure, and it exhibited the 

following approximate formula: 

[K0.75(H3O)0.25] Fe1.85 [(SO4)1.82(AsO4)0.18] [(OH)2.34(H2O)3.66] 
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The density of potassium jarosite with arsenic was 2890 kg/m3. Figure 2 shows a spherical particle, and 

Figure 3 shows that the same particle is made up of rhombohedral microcrystals soundly bound in a compact 

structure. These aspects are fundamental for any study on reactivity and heterogeneous kinetics. In addition, 

this jarosite is capable of incorporating arsenic from acid mine drainage into its structure, which has positive 

implications from an environmental point of view. This could minimize problems related to pollution by arsenic 

contained in liquid waste resulting from mining and metallurgical processes. 

 

Figure 2 Potassium-arsenic jarosite particle 

 

Figure 3 Microcrystals of potassium-arsenic jarosite particles 

Figure 4 exhibits the S shaped decomposition curve, which has a modest induction period, a progressive 

conversion period and a stabilization zone of SO42- and K+. Figure 5 shows X-ray diffractograms at different 

decomposition times of potassium-arsenic jarosite, where it can be observed that the intensities of reflection 

of the crystal planes decrease until they fade, which is consistent with the experimental data on Figure 4. It is 

important to point that the product of decomposition is an amorphous solid that does not evolve into crystal 

phases (Figure 5). This amorphous compound is made up of iron hydroxide with absorbed arsenate. Figure 6 
is an SEM-EDS image of a partially decomposed particle (20 %), showing an unreacted core, a reaction front, 

and a gel halo. 

Figure 7 presents the energy-dispersive X-ray microanalysis of the particle shown in Figure 6, with an 

unreacted core and decomposition product (gel halo). In the unreacted core one can observe the typical 

intensities of the elements in arsenic jarosite (K, Fe, Si and As). However, it can also be seen that the intensities 
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of potassium and sulphur of the decomposition gel have practically disappeared, leaving only the intensity 

peaks of iron, oxygen and arsenic. In this image, the peak corresponding to chlorine was attributed to the water 

used to wash these partially decomposed solids. Figure 8 corroborates the data demonstrated previously. 

Observe how Fe, O, and As remain evenly distributed throughout the particle, indicating that for partially or 

totally decomposed particles these elements are invariable, which could have favourable implications in the 

stabilization of arsenic under the experimental conditions herein studied. It can also be noted that K and S in 

the gel halo diffused into the bulk of the solution, which is consistent with the stabilization zone in Figure 4. 

 

Figure 4 Alkaline decomposition curve 

 

Figure 5 Different decomposition times in NaOH 

medium 

 

 

Figure 6 Partially decomposed particle 

According to the previously discussed, one can assume that OH- ions of the solution diffuse through the 

particle, thus establishing a reaction front, while SO42- ions diffuse from the particle into the bulk of the solution. 

As the reaction front progresses towards the centre of the spherical particle, the amorphous gel or ash layer 

increases, while the core of the potassium-arsenic jarosite tends to disappear. The size and shape of the 

spherical particle remain constant. Such evidence observed in Figures 6, 7, and 8 is consistent with the 

alkaline decomposition curve of Figure 4, as well as with the X-ray diffraction graph of the decomposition 

products on Figure 5. 
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Figure 7 a) EDS of original particle; b) EDS of 

partially decomposed particle 

 

  Figure 8 Mappings of partially decomposed particle 

  
Figure 9 Shrinking core model of constant size spherical particles with chemical control for the 

decomposition of potassium-arsenic jarosite in NaOH medium 

Figure 9 shows how experimental data of the decomposition of potassium-arsenic jarosite in NaOH medium 

are satisfactorily consistent with the kinetic shrinking core model of constant size spherical particles with 

chemical control. These experimental data are the base for conducting a kinetic study on the alkaline 

decomposition of this compound under a wide range of experimental conditions, such as NaOH concentration, 

temperature, and particle size, with the aim of modelling and establishing the partial and total kinetic 

expressions of the decomposition process.  

 
Figure 10 X-ray diffraction of the decomposition solids exposed to high temperatures 
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It can be appreciated from Figure 10 that the totally decomposed solids exposed to 110 and 300 °C remained 

unaltered as an amorphous compound. However, when reaching 600 °C, they evolved into a hematite-type 

crystal phase (Fe2O3), while arsenic sublimed. It is recommended to study the total decomposition solids at 

temperatures between 350 and 550 °C to pinpoint the temperature of sublimation of arsenic contained in the 

amorphous gel. According to the results, the stoichiometry of the alkaline decomposition process can be 

expressed by the following reaction: 

[K0.75(H3O)0.25] Fe1.84 [(SO4)1.82(AsO4)0.18] [(OH)2.34(H2O)3.66](s) + 3.43 OH-(aq) → 0.75 K+(aq)  

+ 1.82 SO2-4(aq) + 1.84 Fe (OH)3 0.18 AsO43-(gel) + 4.16 H2O …..          (1) 

These results are important because: 

1) The reaction product of potassium-arsenic jarosite retains arsenic in the decomposition gel, avoiding 

the diffusion of this toxic metal towards the environment, which makes potassium-arsenic jarosite a 

potential medium for the stabilization of arsenic. 

2) During the roasting process of the amorphous decomposition gel in the range between 110 and 300 °C, 

arsenic remains retained. This property of retaining arsenic in the decomposition gel makes of potassium 

jarosite a safe compound for the stabilization of arsenic under severe temperature conditions. 

4. CONCLUSIONS 

The experimental data of the decomposition at 30 °C, 0.50 M NaOH (Figure 4) show an induction period, a 

progressive conversion period and a stabilization zone of sulfates. The experimental data of the decomposition 

curve are satisfactorily consistent with the kinetic shrinking core model for constant size spherical particles 

where the chemical reaction controls the process. The stoichiometry of the reaction of potassium-arsenic 

jarosite in NaOH medium indicates the release of K+, SO42-, H2O, and the formation of an amorphous gel made 

of iron hydroxide with absorbed arsenate. During the roasting process of the amorphous gel resulting from the 

decomposition, arsenic in the form of arsenate remains absorbed in that amorphous mass. However, we 

observed that arsenic sublimes at 600 °C, and the iron gel evolves into a hematite-type crystal phase. 
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Abstract  

The growth of industrial production dictates the need to search for new technologies for environmental 

protection. Complex titanium-containing reagents have proven themselves well in wastewater treatment 

processes of various origins, however, the processes of obtaining such reagents for the needs of water 

purification are practically not described in the literature. As part of the study, work was carried out to obtain 

samples of complex titanium-containing reagents in the process of sulphuric acid processing of large-tonnage 

titanium-containing mineral waste. Evaluation of the efficiency of the obtained reagents in the processes of 

wastewater treatment of galvanic, machine-building and metallurgical production is carried out. A conceptual 

scheme for processing large-tonnage titanium-containing waste to obtain reagents for wastewater treatment 

is proposed. 

Keywords: Titanium-containing regents, waste, recycle, water treatment 

1. INTRODUCTION 

The growth of industrial production leads to an inevitable increase in the consumption of fresh, clean water, 

and, therefore, to an increase in the volume of wastewater formation. Considering the constantly tightening 

legislation, as well as the problem of lack of clean water in certain regions, it is necessary to search for new 

highly efficient and economically viable methods for treating various wastewaters. 

Most industrial enterprises have at their disposal systems for local wastewater treatment, from where pre-

treated wastewater is discharged into a centralized sewerage network for further additional treatment at urban 

deep biological treatment facilities. 

Metallurgical cleaning enterprises are a specific direction of the industry, including directly metallurgical, 

machine-building, galvanic and other types of industries. All these industries are characterized by the formation 

of significant amounts of waste, but most of them can be used repeatedly in the recycling water supply system 

[1]. The main sources of the formation of contaminated wastewater are gas cleaning units for off-gases from 

steel-making furnaces and coking areas [2], areas for hydro-treating the surface of parts [3] and rinsing waters 

of electroplating processes [4]. 

For the purification of such effluents, special reagents are used - coagulants, which make it possible to remove 

insoluble mineral impurities and colloidal particles from water with high efficiency. Usually, aluminum or iron 

salts are used for such purposes. Despite the relatively high efficiency and low cost, these reagents have 

several disadvantages, as aluminum compounds are effective in a limited pH range, and iron compounds form 

a fine suspension in water with high corrosive and abrasive properties [5]. 

Recently, more and more information about the high prospects of using titanium salts in wastewater treatment 

processes of various origins has been encountered [6,7]. Unfortunately, these reagents are used in the form 

of pure compounds, which negatively affects the cost of the process. A way out of the situation can be the use 

of complex titanium-containing reagents obtained by adding titanium salts to traditional reagents [8,9]. 
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The main goal of this work is to develop a technology to produce complex titanium-containing reagents based 

on large-tonnage mineral waste. An additional task is to evaluate the effectiveness of the obtained reagent in 

the processes of wastewater treatment in the metallurgical industry. 

2. MATERIALS AND METODS 

The chemical composition of solid samples was determined by X-ray fluorescence analysis on a JEOL 1610LV 

scanning electron microscope with an SSD X-Max Inca Energy dispersive spectrometer for electron probe 

microanalysis (JEOL, Japan; Oxford Instruments, Great Britain). 

A sample of a complex titanium-containing coagulant was obtained by treating a mixture of mineral wastes 

from the apatite mining process (sphene and nepheline) with sulphuric acid solutions of various concentrations 

under constant heating. The resulting cake was dissolved in water, the unreacted residue was decanted and 

analyzed for the content of the main components. 

The content of soluble form of metals in solutions was measured on a Spectroskai atomic emission 

spectrometer (Korolev, Russia) [10]. The content of suspended solids (purification efficiency) was measured 

by the gravimetric method and using a portable turbidity meter HANNA 98 703 (HACH USA). 

The study of the coagulating ability of the resulting solution was carried out on a laboratory flocculator VELP 4 

(Velp Scientifica, Italy). The time of rapid mixing of the coagulant with water was 2 minutes, flocculation was 8 

minutes, sedimentation was 30 minutes. 

The sedimentation rate was determined visually in graduated cylinders by noting the settling time of large 

aggregates, and the filtration rate by passing water through a filter with a filtration rating of 15 microns for 60 

seconds. 

3. RESULT AND DISCUSSION 

A large-tonnage mineral waste from the apatite mining process (raw material for the production of extraction 

phosphoric acid) was chosen as a feedstock for obtaining a complex titanium-containing coagulant. Waste by 

its nature is a mixture of nepheline ((Na,K)2O·Al2O3·2SiO2) and sphene (CaTiSiO5) concentrates. Table 1 

demonstrates data on the chemical composition of solid samples of mineral waste obtained by X-ray 

fluorescence analysis. 

Table 1 Elemental composition of samples (wt%) 

Fe2O3 TiO2  SiO2  (K,Na)2O  Al2O3  CaO  Mg, P, et all. 

3.95 5.77 41.83 11.27 24.32 8.09 4.77 

From the data (Table 1) in the composition of the waste, in addition to aluminum compounds, there are 

compounds of titanium, silicon, iron and calcium. Based on the elemental composition, it can be assumed that 

during the processing of mineral waste from the apatite mining process with sulphuric acid, mainly iron, titanium 

and aluminum compounds will go into solution, and inert silicon dioxide and poorly soluble calcium sulphate 

formed during processing will remain in the solid phase and will be isolated from solution during decantation. 

The resulting sediment containing silicon and calcium compounds after washing and neutralization can be 

used as an additive to building materials. 

The process of sulphuric acid treatment was carried out at a ratio of waste: sulphuric acid 1:2, without additional 

heating, changing the concentration of sulphuric acid. The process time was 120 minutes, the temperature of 

the reaction mixture was 90 - 95 °C. Table 2 shows the experimental data about the parameter of reaction and 

recovery rate of base components. 
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Table 2 Experimental conditions 

№ 
Ratio 

Waste:Sulphuric acid 
Concentration of 

sulphuric acid (wt%) 

Recovery rate of components (%) 

Fe Ti Al 

1 1:2 10 83.2 58.1 80.9 

2 1:2 15 87.3 62.6 85.2 

3 1:2 20 95.1 74.7 91.6 

4 1:2 25 98.7 83.6 95.8 

5 1:2 30 98.8 92.2 95.9 

From the data (Table 2) at an acid concentration of 25 wt% (sample No. 4), almost complete extraction of 

aluminum and iron compounds is achieved. In addition, a small amount of calcium compounds (5-7 wt%) and 

silicon passes into the solution. A further increase in the acid concentration is impractical due to a relatively 

small increase in the degree of titanium extraction, a significant increase in the consumption of reagents and 

energy consumption, as well as the solidification of the reaction mixture due to the polymerization of silicic 

acids [11-12]. 

Data on the chemical composition of the purified (passed the stage of separation of the unreacted precipitate 

and recrystallization) obtained reagents are presented in Table 3. 

Table 3 Chemical composition of a sample of a complex titanium-containing coagulant (wt%) 

FeSO4·7H2O Al2(SO4)3·18H2O TiOSO4· H2O CaSO4·2 H2O 

9.65 82.70 6.88 0.78 

From the data (Table 3) in terms of its chemical composition, the complex titanium-containing coagulant is a 

mixture of aluminum and iron sulphates, while the dose of the modifying additive of titanium compounds does 

not exceed 7 wt%, which suggests the manifestation of a synergistic effect and the possibility of increasing the 

purification efficiency [8-9]. 

The obtained samples of a complex-titanium-containing coagulant were compared with samples of pure 

aluminum sulfate, as well as a mixture of aluminum and iron sulphate. The equivalent dose of the reagents 

was 100 mg / L in terms of pure (anhydrous) salts. The data on treatment efficiency (indicator of suspended 

solids content) for various wastewaters of metallurgical production are presented in the graph (Figure 1). 

The initial content of suspended solids for water samples was: 

1) Waste water from galvanic production - 256.9 mg / L. pH - 5.2; 

2) The combined industrial and household flow of a machine-building enterprise - 134.6 mg / L. pH - 6.1; 

3) Waste water from the hydro-treating unit for metallurgical production parts - 807.6 mg / L. pH - 7.2; 

4) Waste water from the gas cleaning plant of an electro-induction steelmaking furnace of metallurgical 

production - 692.5 mg /L. pH - 6.6. 

From the data of the diagram (Figure 1) we can see that binary coagulants (a mixture of aluminum and iron 

sulphates) are superior in efficiency to a pure reagent based on aluminum compounds for all studied 

wastewater samples. The reduced efficiency of aluminum sulphate can be explained by the acidic nature of 

the reagent and the effluent outflow beyond the optimal pH range 6.0-8.5 [5]. 
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Figure 1 The efficiency of wastewater treatment of a metallurgical enterprise from suspended solids 

Moreover, the addition of titanium further intensifies the purification processes, even in comparison with binary 

coagulants based on a mixture of aluminum and iron sulphates. This phenomenon can be described both by 

specific hydrolysis phenomena of titanium compounds and by nucleation processes due to neutralization of 

positively charged hydroxocomplexes of aluminum and iron by negatively charged hydroxocomplexes of 

titanium [5,11-13]. 

During monitoring the cleaning, it was noted that the coagulation slimes obtained using titanium-containing 

reagents quickly settle to the bottom, give off moisture more easily and have a denser structure. Data on 

sedimentation rate and filtration rate of coagulation sludge are presented in the diagrams (Figures 2 and 3). 

Figure 2 Sedimentation rate of coagulation sludge 
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Figure 3 Filtration rate of coagulation sludge 

From these graphs (Figure 2 and 3) the rate of sedimentation and filtration of coagulation sludge increases in 

the following order: 

Complex titan-contained coagulant> mixture of iron and aluminum sulfate > aluminum sulfate 

The use of complex titanium-containing coagulants makes it possible to intensify the processes of 

sedimentation of coagulation sludge by 20 - 25 %, and filtration by 15 - 20 %. 

4. CONCLUSION 

As part of the work done, the elemental composition of large-tonnage mineral waste from the apatite mining 

process has been studied. It has been established that in the composition of mineral waste there are significant 

amounts of compounds of aluminum (up to 25 - 30 wt%), iron and titanium (up to 5 wt%), presumably in the 

form of complex oxides. 

The assessment of the possibility of sulphuric acid leaching of the main components from the mineral waste 

of the apatite mining process has been carried out. It was found that sulphuric acid with a concentration of 25 

wt% is optimal in terms of flow rate / recovery. A further increase in the acid concentration leads to an 

overconsumption of reagents, an increase in the cost of the process and the hardening of the reaction mixture 

due to the ongoing polycondensation reactions of active silicic acid. The chemical composition of a solid 

sample of a complex titanium-containing coagulant was determined: FeSO4·7H2O - 9.65 %; Al2(SO4)3 ·18H2O 

- 82.70 %; TiOSO4·H2O -6.88 %; CaSO4·2H2O - 0.78 %. 

The samples obtained showed a high efficiency of purification of various waste waters of metallurgical 

production in comparison with pure reagents. On average, complex titanium-containing coagulants were 10 - 

15 % more effective than mixed coagulants based on aluminum and iron sulphates and about 25 % more 

effective than pure aluminum sulphate. In addition, it was noted that complex reagents (both mixture and 

titanium-containing) were less sensitive to changes in the pH of the treated water. 

The influence of titanium compounds on the cleaning efficiency has been proven. It was found that the addition 

of titanium compounds makes it possible to significantly intensify the processes of sedimentation (acceleration 

by 20 - 25 %) and filtration (acceleration by 15 - 20 %) of coagulation sludge, which will significantly increase 

the productivity of local treatment facilities, reduce their size, and most importantly, significantly improve the 

efficiency of their work.  
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The coagulation sludge formed during the reagent treatment can be effectively removed using standard 

technological equipment (for example, an electro-flotator [14,15]). 

ACKNOWLEDGEMENTS   

This work was supported by the Mendeleev /s University of Chemical Technology through the 
Internal Bridging Grants for Young Science Educators Contest, proposal no. Z-2020-013. 

REFERENCES 

[1] AVERINA, J.M., KALIAKINA, G.E., ZHUKOV, D.Y., KURBATOV, A.Y., SHUMOVA, V.S. Development and design 

of a closed water use cycle. In: 19th International Multidisciplinary Scientific Geoconference (SGEM 2019). 
Bulgary, 2019, vol. 19 of 3.1., pp. 145-152.  

[2]  KUZIN, E.N., KRUTCHININA, N. E. Purification of circulating and waste water in metallurgical industry using 
complex coagulants. CIS Iron and Steel Review. 2019, vol. 18, pp. 72-75.   

[3] KUZIN, E.N., KRUCHININA, N.E. Titanium-containing coagulants for foundry wastewater treatment CIS Iron and 
Steel Review. 2020, vol. 20, pp. 66-69.  

[4] AVERINA, YU.M., KALYAKINA, G.Ye., MEN'SHIKOV, V.V., KAPUSTIN, Yu. I., BOLDYREV, V.S. Design of 
processes for neutralization of chromium and cyanogenous waste water using the example of galvanic 

production. Herald of the Bauman Moscow State Technical University. Series Natural Sciences. 2019, no. 3, 
pp. 70-80. 

[5] DRAGINSKY, V.L., ALEKSEEVA, L.P., GETMANTSEV, S.V. Coagulation in the technology of purification of the 
natural water. Moscow: Sci. Ed., 2005. In Russian. 

[6] GAN, Y., LI, J., ZHANG, L., WU, B., HUANG, W., LI, H., ZHANG, S. Potential of titanium coagulants for water and 
wastewater treatment: Current status and future perspectives. Chemical Engineering Journal. 2020, no. 126837.  

[7] THOMAS, M., BĄK, J., KRÓLIKOWSKA, J. Efficiency of titanium salts as alternative coagulants in water and 
wastewater treatment: Short review. Desalination and Water Treatment. 2020, vol. 208, pp. 261-272.  

[8] SHON, H. K., VIGNESWARAN, S., KANDASAMY, J., ZAREIE, M. H., KIM, J. B., CHO, D. L., KIM, J.-H. 
Preparation and characterization of titanium dioxide (TiO2) from sludge produced by TiCl4 flocculation with FeCl3, 

Al2(SO4)3 and Ca(OH)2 coagulant aids in wastewater. Separation Science and Technology. 2009, vol. 44, no. 7, 
pp. 1525-1543.  

[9] IZMAILOVA, N.L., LORENTSON, A.V., CHERNOBEREZHSKII, Y.N. Composite coagulant based on titanyl 
sulfate and aluminum sulfate. Russ. J. Appl. Chem. 2015, vol. 88, pp. 458-462.  

[10] KUCHUMOV, V.A., SHUMKIN, S.S. Analysis of the chemical composition of the initial alloy in the production of 
permanent magnets from alloys of the Sm-Co system. Scientific-technical department of St. Petersburg State 

Polytechnic University. 2017, vol. 23, no. 1, pp. 219-225. 

[11] SHABANOVA, N.A., POPOV, V.V., SARKISOV, P.D. Chemistry and technology of nanodispersed oxides. Moscow: 

Akademkniga, 2007. In Russian. 

[12] WANG, T-H., NAVARRETE-LÓPEZ. A. M., LI, S., DIXON, D.A., GOLE, J.L. Hydrolysis of TiCl4: initial steps in the 

production of TiO. J. Phys. Chem. A. 2010, vol. 114, no. 28, pp. 7561-7570.  

[13] PARK, H.K., KIM, D.K., KIM, C.H. Effect of solvent on titania particle formation and morphology in thermal 

hydrolysis of TiCl4. Journal of the American Ceramic Society. 1997, vol. 80, no. 3, pp. 743-749.  

[14]  KOLESNIKOV, A.V., SAVEL’EV, D.S., KOLESNIKOV, V.A., DAVYDKOVA, T.V. Electroflotation extraction of 

highly disperse titanium dioxide TiO2 from water solutions of electrolytes. Glass and Ceramics. 2018, vol. 75, no. 
5-6, pp. 237-241.  

[15] MESHALKIN, V.P., KOLESNIKOV, A.V., SAVELIEV, D.S. Analysis of physicochemical efficiency of 
electroflotation process for removing titanium chloride hydrolysis products from the anthropogenic effluents. 

Deport of the Academy of Sciences. 2019, vol. 486, no. 6, pp. 680-684.  

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1055 

THE EFFECT OF QUALITY OF ALUMINUM CASTS ON THEIR MECHANICAL PROPERTIES 

Kateřina KREISLOVÁ, Libor TUREK 

SVUOM Ltd., Prague, Czech Republic, EU,                                                 

kreislova@svuom.cz, turek@svuom.cz 

https://doi.org/10.37904/metal.2021.4216 

Abstract  

Material fatigue occurred on aluminum castings used in the electrical distribution network. Material analysis 

was performed on the damaged samples. The detailed analysis of fracture surface was performed by several 

methods. The decrease in mechanical properties was caused by the poor chemical composition of the alloy 

and defects caused by casting. 

Keywords: Aluminum alloy cast, mechanical properties, fracture, matrix structure, impurities 

1. INTRODUCTION 

Worldwide demand for aluminum is around 29 million tons per year. Light structural materials and Al alloys in 

particular are widely used in the different industries owing to their high specific strength [1]. Further benefits of 

Al alloys relate to their relative advantage in terms of ductility, heat transfer, electrical conductivity, and 

corrosion resistance in regular atmospheric conditions. The aluminum cast AlSi10Mg is used for numerous 

small sections in the electrical power distribution. During the last few years, the fatigue of some of them 

occurred for the newly installed ones. In this case study the 3 different aluminum alloys AlSi10Mg cast parts 

of electrical distribution network installed on masts are evaluated after their failure. 

There are various forms of impurities observed in molten aluminum with different compositions, sources, and 

morphology. These impurities have been examined and classified according to their size, chemical content, 

and phase. The incorporation of impurities in aluminum alloys can have a major effect on the properties of the 

material. In aluminum, the two most prominent types of impurities are oxide films (alumina or spinels) and 

intermetallic particles. 

In aluminum alloys, it is general that fracture occurs from inclusions or second phases particles. Intergranular, 

local shear and delamination type fractures are also sometimes observed. The fatigue resistance of cast 

aluminum alloys is affected by microstructural defects, typically the largest porosity, and sometimes oxide 

films. Other microstructural factors which can affect fatigue life include secondary dendrite arm or cellular 

spacing, grain size, second-phase particles, intermetallic inclusions, and oxide inclusions (casting dross) [2]. 

The mechanical properties of cast products are not the same for different test orientations relative to the 

solidification directions. The qualitative effect of impurities on the mechanical properties of aluminum has been 

shown to be due to a number of factors [3]. Impurities disrupt an otherwise homogeneous stress field and, as 

a result of cumulative plastic deformation, at a threshold stress amplitude the microcracks will propagate. 

These microcracks form around the impurities because of a strong pile-up of dislocations. Since inclusions 

can nucleate secondary porosity more readily than grain boundaries can, they act as preferential sites for the 

nucleation, growth and coalescence of voids. The inclusions can debone from the matrix and crack 

independently of the matrix. 
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2. ALUMINUM CAST PROPERTIES 

Aluminum is most commonly alloyed with copper, zinc, magnesium, silicon, manganese and lithium. Small 

additions of chromium, titanium, zirconium, lead, bismuth and nickel are also made and iron is invariably 

present in small quantities. Cast aluminum contains larger percentages of alloying elements when compared 

to wrought aluminum. Cast aluminum also has a generally lower tensile strength than wrought aluminum due 

to the difficulty in eliminating casting defects. 

Aluminum alloyAlSi10Mg is a typical casting alloy with good casting properties and it’s typically used for cast 

parts with thin walls and complex geometry. It offers good strength, hardness and dynamic properties and is 

therefore also used for parts subject to high loads. AlSi10Mgalloybelongstohypoeutectic aluminum alloys 

group. Due to good mechanical properties combined with low density, corrosion resistance and excellent 

castability it is widely used in industrial applications. Eutectic Al + Si phase present in this alloy may significantly 

affect its ductility and strength, but also makes this material difficult to machine. Low shrinkage and relatively 

low melting temperature is characteristic for AlSi10Mg alloy. For those reasons this alloy is mainly used for 

casting. EN 1706Aluminum and aluminum alloys - Castings - Chemical composition and mechanical properties 

specifies the chemical composition limits for aluminum casting alloys and mechanical properties of separately 

cast test pieces for these alloys. This technical standard was revised in 2020 and the chemical composition 

limits of the alloy EN AC-43000 [EN AC-Al Si10Mg] were modified. One of the reasons for the limited ductility 

of aluminum die casting alloys is the presence of iron within the alloys. 

Table 1 AlSi10Mg alloy mechanical properties 

UTS Rm (MPa), min YS Rp0.2 (MPa), min Elongation A (%) Brinell hardness HB, min 

220 180 7 75 

Table 2 AlSi10Mg alloy chemical composition (wt%) 

Si Fe Cu Mn Mg Zn Ti Al 

9.0 - 11.0 0.45 - 0.55 0.1 0.45 0.20 - 0.45 0.1 0.15 rem. 

These alloys are usually produced from secondary alloys and recycling processes. Many of their based alloys 

contain impurities, while the levels of impurities in the recycled ones are multiplied during recycling process. 

Alloying elements, such as magnesium (Mg) and silicon (Si) are deliberately added to Al alloys to enhance 

their mechanical properties. Apart from the intentionally added elements, impurities such as Fe, Cu, Cr, Mn 

and transition metals are usually present. Although these impurities are at trace levels in the alloys, they form 

new phase components called intermetallic that significantly influence the properties of the microstructures. 

Quite often, these impurities are strong sites for crack initiation that serve as weak points for decohesion failure. 

3. EVALUATED PARTS 

In this case study the 3 different aluminum cast parts of electrical distribution network installed on masts are 

compared - Figure 1. All parts are machined after casting. The walls of parts have different thickness. The 

fractures occurred on thinner walls. There were also evaluated the reference parts for each failure ones for 

comparison chemical composition, structure and hardness, etc. 

3.1. Visual evaluation 

The fracture occurred on thinner wall of parts. The first evaluation was done on fracture areas by 3D optical 

microscope Keyence VHX-5000 with different magnification - Figure 2. On fracture areas the dark, black 

impurities are evident in various sizes.  
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Figure 1 Parts with fractures and fractures details 

  

Figure 2 Fracture areas - examples of impurities 

3.2. Hardness measurement 

The hardness of aluminum casts was performed with tool RHL-110D, Huatec Group Corp., D type prove, a 3 

mm diameter ball impression with an impact energy of 11 mJ according to EN 16859-1 Metallic materials - 

Leeb hardness test - Part 1: Test method. The results are given in Table 3. It is evident that on failed parts the 

hardness of alloy material is lower (ca 42 HB) in comparison to reference ones (ca 58 HB). 

Table 3 Hardness measurement of parts (HB) 

part  minimum maximum average 

reference part A, B, C 40 - 56 57 - 70 57 - 62 

B, C failed part 36 - 40 55- 56 41 - 43 

A 
B C 

part A part C 
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3.3. SEM and EDX analysis of matrix  

Figure 3 shows the optical and SEM images of the alloys´ microstructure from scanning electron 

microscopeTescan Vega II with an X-Max 50 SDD detector, Oxford Instruments. The SEM examinations of 

the fracture surfaces showed that the pores (shrinkages) and intermetallics were susceptible to fracture if their 

size was larger than several micrometres. The elementary analysis results are given in Table 4 for evaluated 

parts. The morphology of crack initiation pore on part Bfractured surfaceis shown on Figure 4. The example 

of elements´ distribution is given on Figure 5 - along the crack the increased concentration of silicon Si and 

iron Fe. 

  

  

Figure 3 Structure of failed aluminum parts 

Table 4 Elementary analysis of fractured surfaces of aluminum parts (wt%) - typical areas 

part area C O Mg Al Si S Ca Mn Mo Fe Cu Sn Pb 

A 1 - - 0.03 61.64 8.62 - - 5.13 - 21.42 2.28 - - 

 2 - - 0.08 14.35 85.36 - - - - 0.11 0.27 - - 

 3 - 3.62 18.46 62.56 14.60 - - - - - 0.35 1.10 1.14 

 4 - - 0.30 97.68 0.85 - - 0.08 - - 0.44 - - 

B 1 - - 1.19 56.24 16.77 - - 0.41 - 25.60 - - - 

 2 - - 0.22 95.51 4.18 - - 0.00 - 0.13 - - - 

 3 - - 0.47 52.29 47.35 - - - - - - - - 

C 1 34.37 0.84 - 26.43 37.78 0.12 0.21 - 0.09 0.06 - - - 

 2 73.99 7.48 - 2.45 1.17 2.61 7.78 - 3.33 0.02 - - - 

 3 58.39 4.59 - 1.85 1.06 12.65 1.24 - 20.20 - - - - 

pores 

α-Al matrix 

eutectic area 

primary Si 

phase α-AlFeMnSi 

Mg2Si 
primary Si 

pores 

pores 

part B - lamellar structure

part C - grain structure
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Figure 4 Part B -crack initiation pore 

  

Figure 5 Part A - structure and elements´ distribution along the crack 

4. DISCUSSION OF RESULTS 

Although these failed parts were produced by different producers and at different periods, they have the similar 

reason of fracture - poor microstructure of cast due to pores and inclusions in matrix. There are various forms 

of impurities observed in cast aluminum with different compositions, sources, and morphology. The 

identification of impurities was based on microstructure of alloys together with chemical analysis: 

 Oxides are the most common impurity found in aluminum alloys. The oxide impurities reduce the 

ultimate tensile strength of materials. The oxide films act as initiation sites for fatigue cracks, and overall 

fatigue failure occurred considerably quicker than in relatively oxide-free aluminum castings. 

 Aluminum carbides (Al4C3) are most often seen in recycled aluminum alloys since the main source of 
carbon is the hydrocarbons present in lubricants. These carbide impurities are hard to remove because 

of their small size. 

 The presence of silica (SiO2) in aluminum alloys is due to the degradation or loss of ceramic refractory 

materials in the melt. Silica particles can agglomerate and are usually intertwined with Al2O3 and lime 

(CaO) or other common refractory compounds. 

Al 

Si 

Fe 

phase α-AlFeMnSi 
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 The calcium impurities, such as CaAl4, CaSi2, and others, caused an increase in volumetric shrinkage, 

gas shrinkage porosity, and hydrogen solubility. The net effect was an increase in porosity during 

solidification and therefore, a reduction in the strength and ductility of the cast material. 

5. CONCLUSION 

Aluminum is one of the most commonly used materials in die casting. The pores occurrences and incorporation 

of impurities in aluminum alloys can have a major effect on the properties of the material. In aluminum, the two 

most prominent types of impurities are oxide films (alumina or spinel) and intermetallic particles. Scanning 

electron microscopy (SEM), energy dispersive spectroscopy (EDAX), conventional metallography and micro-

hardness measurements were used to examine the effects of defects on fracture of cast parts. The following 

conclusions can be drawn from the failed case studies: 

 surface or near surface pores reduce the time to crack initiation - large pores (gas pores) increase the 

crack propagation rate compared to the effect of small multiple pores (shrinkage porosity) for similar 

average porosity values; 

 the aluminum die castings obtained a lot of different impurities; 

 oxides trapped in the aluminum act as stress risers and cause the ultimate tensile, yield, and fatigue 
strengths of the material to decline dramatically. The overall result is premature failure of the aluminum 

component. The presence of oxides also reduces the corrosion resistance of pure aluminum; 

 other impurities found in aluminum include magnesium silicate, aluminum carbide. 
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Abstract 

With increasing interest in lightweight construction and cost-efficient sheet production methods, the twin roll 

casting of non-ferrous metals is constantly developing, due to the combination of several different process 

steps into one process. However, its challenge is the impossibility of direct recording of important process 

parameters such as temperature and pressure distribution in the rolling gap, in order to control product 

properties, due to the difficult process conditions. This article will discuss asolution to transform the twin roll 

casting process into a process that can controls product properties using a softsensor with additional inline 

measurements for temperature and pressure at the surface of the work rolls and a digital twin. The digital twin 

is used to predict correlations between the entities at the roll surface and the material properties in the bulk of 

the strip. The model used in this article is an extension of the layer model proposed by Schmidtchen and 

Kawalla based on the classical elementary theory of plasticity, which aimed to model the heterogeneous 

deformation behavior during flat rolling. Its great advantage compared to other simulation methods is a much 

lower computational effort. The actual extension as casting-rolling tool as proposed by Weiner et al. combines 

a viscous and a solid region for each layer in one tool. Experimental results were obtained that allows the 

direct correlation between the shape of temperature distributions and the length of the fully solidified part Ld 

within the roll-casting zone. This length correlates directly to the effective total equivalent strain. The static 

recrystallization in a subsequent heat treatment process is improved and results in a better formability of the 

magnesium strip with increasing strain. 

Keywords: Twin roll casting, layer model, rolling, soft sensor, digital twin 

1. INTRODUCTION 

The advantage of the continuous casting process is the combination of solidification and forming in one 

process step, which results in a formed casting structure [1]. This favours the subsequent behavior of the SRX 

(explain SRX) and thus the mechanical properties during further rolling [2-6]. However, due to the very large 

number of input variables in the process, it is very sensitive to fluctuations in the individual output variables. 

Therefore, in order to control them accurately, it is necessary to use sensors, which measure additional 

measuring signals, as well as process models, which enable simulation of the process using the same 

parameters [7-8]. So far, process models have been used for a basic understanding of what processes occur 

in the rolling gap and how the crystallization front proceeds [9-11]. For this purpose, the model developed in 

[8] was used. Which is a fast simulation tool based on a coupled visco-plastic layer model, on the one hand, a 

better interpretation of the correlation between the variables measured at the roller surface and the process 

conditions in the rolling gap was obtained. On the other hand, the model adapted to the twin roll casting process 

can be used to generate offline training data for the control algorithm. However, the comparison between 
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simulation and experiment is problematic due to the lack of complete data signals from the solidification and 

rolling zone itself in the model used, which are mostly adjusted based on single experimental data. There are 

few reliable experimental data on the solidification process. It has already been demonstrated that strip casting 

has the advantage of refining intermetallic compounds that otherwise exist as harmful coarse particles in 

conventionally processed alloys. The fine and uniformly dispersed particles retard the movement of 

dislocations, increasing strength, while at the same time blocking dislocations, thus altering slip systems by 

lateral sliding, thus maintaining good ductility. In addition, fine particles inhibit grain growth during high 

temperature heat treatment. This paper presents observations on how measuring the surface temperature of 

the rollers during the Twin Roll Casting (TRC) process alone, aided by a layer model, allows us to observe 

how the crystallization front moves as its temperature changes. In the planned later addition of a piezosensor 

to the sensor, it will allow an even more accurate determination of how pressure in the rolling gap affects this. 

So, using the data from the sensor, together with the results of simulations, a soft sensor can be prepared, 

which at a later time would serve as a digital twin of the continuous casting line. This would allow live control 

of the process parameters, which would already be known from previous processes and simulations, in order 

to determine where the crystallization front is. This is important because the closer it is to the nozzle, the 

greater the deformation, which affects the microstructure and thus the parameters of the resulting material. 

2. INTEGRATION OF SENSORS FOR MEASUREMENT IN THE ROLLING GAP OF THE CASTING 

ROLLES 

Sensor integration in TRC is particularly challenging due to the high thermal and mechanical boundary 

conditions. From previous simulations of the twin-roll casting process, it is known that normal stresses of up 

to 400 MPa and temperatures of up to 650 °C occur at the surface of the roll [8]. Considering the further 

constructive boundary conditions resulting from the split, internally cooled roll core, direct placement of the 

sensor on the surface is not possible. As a result of cooling, the temperature drops rapidly inward. Depending 

on the possible operating temperature, different sensor principles must be integrated at different depths in the 

roll. Since the knowledge of the maximum temperature as a function of the roll surface is essential for the 

sensor design, a thermal-transient simulation was performed and the effect of the cooling water temperature 

on the measured temperature gradient in the roll coat was estimated using the finite element method.The shell 

was subjected to a constant temperature of 630 °C around the entire circumference, at a maximum rolling 

speed of 2.2 m/min and a cooling water temperature of 30 and 60 °C. Temperature curves were obtained as 

shown in Figure 1, which shows, that the rapid temperature rise can be detected independently of the cooling 

water temperature. 

 

Figure 1 Results of the Finite Element thermal calculation 
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Basing on this data and literature [12], the piezosensor was used, as shown in Figure 2, which can be 

externally inserted. This avoids the need to fabricate a new coat and connect it to the roller core, since it cannot 

be removed without causing damage. Additionally, sensor wires can be routed through an additional channel 

inside the roll. The pin (red in Figure 2) is routed to the surface of the roller and measures pressure over a 

small area. The thermocouples and the pressure sensor are located at the same angular position of the roll 

and detect the process condition without a time offset. The sensor inserts, which is mounted externally, must 

be sanded to a roller surface. Figure 2 shows the different stages of sensor mounting. After grinding, the 

uppermost thermocouple is only about 0.25 mm below the surface and is thus in very close proximity to the 

active point. The sensor signals are detected on the roll and transmitted wirelessly to the dSpace system. In 

the rotary roller, energy is supplied by a battery, which enables operation for 12 hours. 

 

Figure 2 Sensor construction 

The soft sensor shown in Figure 3 Soft sensor used for controlling of band properties during casting rolling is 

used to further control the process. For this purpose, intermediate variables such as the position at the 

solidification front (LD), calculated by the angle α (which runs from the beginning of contact of the molten 

material to the exit of the rolling gap), can be used in subordinate control loops. In performing such a property 

check, a stepwise implementation and validation of the control and soft sensor is possible. 

 
Figure 3 Soft sensor used for controlling of band properties during casting rolling 

3. BUILDING A DIGITAL TWIN IN THE FORM OF AN EXTENDED LAYERED MODEL 

The Institute for Metal Forming (IMF) layer model (Figure 4) was used to correlate the initial measurement 

results with the strip parameters. The most important advantage of the model is the extension of the classical 

elementary elastic-plastic theory to the viscous model. Thus, two main regions can be distinguished, the red 

region between x00 and x01 is the viscous region where the material is melted and modeled as a viscous fluid 

according to Newton's law. Different shades of red represent solidification states, from dark to light they are 
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liquid, mushy and solidified states. The blue zones represent the fully elastic-plastic model. In the layer model 

for the TRC process, the material is divided into individual layers parallel to the rolling direction, which are 

subject to local solidification, strength development, and deformation conditions in the solid state. The partial 

approach consists of a viscoplastic design core for the liquid and partially solidified region and an isotropic-

elastic-plastic design core for the solidified state. The solution is the same as in classical elementary theory, 

except that models are created individually for each layer. Most simulations currently used for this purpose 

were based on the finite element method due to the complexity of the problem. However, the finite element 

method requires too much computational time to generate larger data variants, especially for nonlinear 

problems due to the large number of iterations. For highly nonlinear problems, computation times of several 

hours to several days may occur. The Freiberger layer model requires an order of magnitude less design time 

for conventional rolling processes. 

 

Figure 4 Modeled schematic representation of the roll gap during twin roll casting of AZ31 

The most important input parameters of the layered model are: Number of layers, casting bath temperature, 

nozzle setback, roll radius, roll speed and roll temperature. In addition, parameters such as friction values, 

initial material deformation and fluid pressure must be defined. The material data of the tested material AZ31 

was used as the thermo-mechanical properties. With these inputs, the layer model can provide data such as 

LD of course, but also temperature distribution, pressure etc. as well as rolling force and torque for the rolls 

used. 

There is a need to combine both models together. The solution of the differential equations begins with the 

location at the nozzle outlet, the point of first contact between the molten material and the rollers, denoted x00. 

For the first condition, the initial pressure gradient value k0 is the appropriate parameter to fit the velocity profile. 

k0 determines the curvature of the velocity profile at point x00 and must be chosen so that at point x01, the 

velocity at all points in the y direction is constant. Therefore, to calculate equivalent viscosity of the layer η, 

viscosity of the solid ηs and melt ηl are required along with solidified mass fraction fs (equation 1): 

* � *+ , exp /ln 2*3
*4

5 ∙ 738 (1)

where ηi - viscosity of current the layer 

In contrast, fs is the free variable of the solved model. Depending on the temperature Ti of the current layer, fs 

can be 0 for the liquid state and 1 for the solid state. An approach is needed that describes the solidification 

progress as a function of temperature (equation 2). A simple polynomial function is used here. This function 

approximates the lever rule and therefore also assumes an equilibrium state of the system. In general, 

however, any approach that yields the functional relation fs(T) based on the differences between the absolute 

T and solid layer Ts temperature, along with liquid Tl and solid layer temperature, respectively should be 

implementable. 
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A heat balance in modified enthalpy form is used for solidification calculations to account for the heat of 

transformation corresponding to the transformed phase fractionswithin the stationary state. In this case the 

material parameters as density ρ, heat capacity cp and conductivity λ, heat transfer coefficient αth, together 
with layer thickness h and velocity in rolling direction must be known vx. The temperature and heat flux 

distributions of the layers are modeled by the finite difference method in the vertical direction to obtain 

differential equations for the temperature T and the solid fraction fs of each layer. 

 BCDℎFGHF
I:F
IJ , K� B ℎFGHF

I73F
IJ � 2L :F&M ) :F

ℎF&M , ℎF
,NOPQ:F&M ) :FR (3)

where: qs - heat generation by solidification per mass unit 

Equation (3) gives an example for the outer layer to the top roll. For the outermost layers (indices j = 0 and NL 

which is number of layers) there is a different approach than for the transfer between material and rollers. 

Furthermore, NOPis the heat transfer coefficient qs is heat of solidification, and fsi is defined by (2). 

4. COMPARISON BETWEEN LAYERED MODEL AND IN-PROCESS MEASUREMENTS 

Figure 5 shows a comparison of the strip surface temperature from the layered model and the measured roll 

temperature just below the roll surface. By comparing the start of the LD point from the simulation with the jump 

in temperature of the roll, it can be seen that they start at the same moment, which confirms the correctness 

of the result from the model. In addition, it can be seen that as the velocity decreases, the S� point moves 

towards the nozzle. With the material parameters and temperatures above, it can also be calculated how hot 

the roll heats up during the process. Based on the layer model, a correlation between rolling speed and 

solidification point can also be established. The controllability of the process with respect to strip properties is 

therefore determined by the setting of LD. 

 

Figure 5 Comparison of results from layer model and measurements from sensor mounted in the roll (left) 

and correlation between position of solidification front and rolling speed (right) 

In orderto control the process, it is important to know how the parameters affect the microstructure. For this 

purpose, microstructure studies have been carried out based on TRC tests under different process conditions. 

Depending on the degree of solidification, a maximum deformation of 0.1 can be achieved at a casting speed 

of 1.5 m/min. At high speeds, the core material is still liquid at the highest point of the rolling gap, and its 

solidification structure resembles that of a normal casting, such that dendritic structures occur in large 

numbers. Figure 6 shows that the grains become increasingly deformed with decreasing rolling speed, which 
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is due to the fact that the stresses increase inversely proportional to the rolling speed. In addition, texture 

studies showed that AZ31 exhibits an increasing basal texture as a result of the moulding condition with 

increasing mold, which is undesirable at further stages of moulding. Grain height and length were also 

measured as part of the microscopic analysis. Figure 6 shows the relationship between mechanical properties 

and grain size, as a function of LD, it can be also seen, that the grains flatten more with decreasing rolling 

speed. In addition, a tensile test was performed for each speed, which showed that the strength of the material 

increases with lower speeds. This confirms the above assumptions related to the shape of the microstructure. 

 

Figure 6 Dependence of averaged grain size and mechanical properties on LD (left) and average grain sizes 

depending on the measuring point on the belt 

5. CONTROL CONCEPT 

Property control requires information about what properties are currently being received. For this purpose,  

a model can be created that calculates the grain size. The solidification behavior of the alloy is derived from 

the temperature module of the layer model. The crystallization morphology changes with the temperature 

gradient and the growth rate of the solidified region. For higher growth rates and lower temperature gradients, 

isosceles dendrite structures are formed, otherwise columnar dendrites are observed. From the sensory 

determination of the LD solidification point from the temperature time course and, in further experiments, from 

a significant pressure increase, the height at the beginning of the fully plastic formation can be determined 

Therefore, a control concept was developed to transform the process into a property-controlled process. In the 

above process, some of the output variables cannot be measured directly, so in order to control it, a softsensor 

based on a layer model must be used to calculate these values online. In the next steps, the LD control is to 

be fully modeled to determine the parameters of the weight matrix. Additionally, the system will be extended 

to include dynamic components of the actuators and the process itself. The LD control will be implemented and 

validated in the plant. Based on the results of the dynamic behavior of the process, additional sensors will be 

installed on the roll to more accurately set the S�  observations. The integration of the property sensor at the 

strip output and the complete implementation of property control represent a transition to a property-controlled 

casting-rolling process that achieves the desired grain sizes and deformations. The correlation between sensor 

and properties is to be extended to further microstructure features and their distribution over the strip thickness. 

As a technologically important variable, tape texture in particular is included here as another control target 

variable. Without control, it develops in the opposite direction to the grain size development, so that undesirable 

basic textures develop as the degree of deformation of the casting structure increases. By further refining the 

digital twin, among other things in the description of the processes in the solidification zone, it should be 

investigated what property correlations can still be obtained from the signal data in the casting roll gap. 
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6. CONCLUSION 

The most important element of the TRC process of magnesium alloys is to obtain a constant quality with 

maximum length of the fully solidified cross section. To achieve this the introduction of a property control 

system was developed, in which the features of the microstructure of the produced strip are controlled by 

means of a soft sensor. The control strategy is based on the measurement of roll surface temperature, heat 

flow and normal pressure waveforms and the calculation of the resulting strip properties using a property 

estimator. With the help of the digital twin, it should be possible to transfer the control strategy to other cast-

rolling plants or materials and to generate additional training data for the property estimator. In the given work, 

the soft-sensor operating conditions and the sensor data required for control in the rolling gap were analysed 

and compared with results from thermocouples. The correlation between sensor data, LD and formation is 

demonstrated. This provides a basis for further design of the required control with respect to strip properties. 

Furthermore, reliable data from the rolling gap has been determined with which it is able to evaluate the 

numerical models. The digital twin developed for the TRC process based on the layer model could thus be 

realistically adapted to the process and can now be used as a digital twin, which will be further developed to 

later be able to generate training data for the soft-sensor for the TRC process. In this way, it will be possible 

to control the whole process in real time to obtain the microstructure of the strip and its properties. 
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Abstract 

The paper studies the improvement of cavitation erosion resistance for Nimonic 80A alloy whose surface has 

been subjected to nitriding. The cavitation erosion tests were performed with an ultrasonic vibrating device in 

accordance to ASTM G32-2010. The cavitated samples were further investigated by optical and scanning 

electron microscopy. The analysis of the cavitation curves showed 8.65 times decrease in mass loss and 8 

times increase in cavitation erosion resistance of nitrided samples compared to those in solution treatment 

state.   

Keywords: Nimonic 80A alloy, nitriding, cavitation erosion 

1. INTRODUCTION 

Cavitation is the process of formation, growth and implosion of bubbles containing vapors, gases or a mixture 

of gas vapors due to cyclic pressure changes in the flowing liquid [1]. Cavitation implosion is an effect of 

changing the pressure from the low-value zone to a high pressure region, causing condensation of vapors that 

fill the cavity bubbles. The implosion phenomenon occurs at a very high speed (exceeding 100 m/s), and the 

growth and degradation time of the cavitation bubble is in the order of milliseconds [1-3]. The dynamics of 

bubble formation and collapse is dependent on the physico-chemical properties of the fluid and the distance 

between the wall and the bubble interaction site. In the vicinity of the wall, an implosion of bubbles is formed, 

which can reach speeds of 300 to 500 m/s. Microcurrents formed during cavitation bubble impulse transmit 

pressure walls to the walls of the order of 1 ÷ 4 GPa [4,5]. The multiple repetition of the cavitation implosion 

causes the destruction of the material. 

In order to improve the resistance to various forms of wear, including cavitation erosion, research efforts are 

focused on the application of volume or surface heat treatments, as well as techniques for physical surface 

modification (local remelting, welding loading, CVD deposits or PVD, mechanical laser beam hardening, etc.) 

[6-9]. 

The present contribution investigates the response to cavitation erosion of nickel-based alloy parts subjected 

to surface hardening by applying thermochemical nitriding treatment. 

2. INVESTIGATED MATERIAL, EXPERIMENTAL STAND AND WORKING PROCEDURE 

From cylindrical bars, Ø 20 x 300 mm, solution treatment (1080 ºC/8h/air) cavitation samples were made which 

subsequently were treated by plasma nitriding at 530 °C for 16 h. 
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Cavitation tests were performed on a vibrator device with piezoceramic crystals, which complies with standard 

ASTM G32 - 2016 requirements (see the principle diagram of Figure 1) [6]. The functional parameters 

determining cavitation erosion intensity are: 50 μm vibration double vibration, 20000 ± 2 % Hz frequency and 

22 °C (1 °C) cavitating liquid temperature (double distilled water).  

The tests were performed with variable durations consisting of 12 periods of a total of 165 minutes. The 

intermediate periods were 5 minutes, 10 minutes and the other 10 for 15 minutes. 

At the beginning of the test, the samples were washed in acetone, dried in a hot air stream and weighed with 

analytical balance that can weigh the mass with an accuracy of five decimals. After each period of cavitation 

the samples underwent the same process.  

 

Figure 1 Details about the ultrasonic equipment used in the cavitation erosion experiments 

In order to track the evolution of the degradation, before testing and at the end of each period the exposed 

surfaces of the samples were photographed with the high resolution camera Fujifilm S2750 and were examined 

under optical microscope. 

The weighed mass loss of each intermediate period “i”, determined the corresponding mass loss, mi. 

In order to determine the total eroded mass the following equation was used  TU � ∑ ∆TUM%+XM , where mi  - 

eroded mass (mg). Based on the mass losses, the erosion rate values were determined. 

3. RESULTS AND DISCUSSIONS 

3.1. Cavitation curves 

Figures 2 and 3 show the variation curves of mass losses and erosion rate with attack time. Both graphs 

highlight the favourable effect of nitriding treatment on cavitation wear resistance. Thus, after a period of 

cavitation attack of 165 min. there is a decrease in material losses from 51.5 mg (characteristic of solution 

treatment) to 5.95 mg (characteristic of nitriding treatment). At the same time, the erosion rate during the 
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stabilization period decreases from approx. 0.40 mg/min. the approx. 0.05 mg/min. It is also worth noting that 

both mass losses and erosion rates remain constant throughout the cavition attack. 

 
Figure 2 Evolution of mass loss with attack time 

 

 
Figure 3 Cavitation erosion rate with attack time  

3.2. Macro - and micrographic examinations 

Figure 4 shows the macroscopic appearance of the sample surface after each cavitation test period. 
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Figure 4 Macrographic images of the surface of nitrided samples, tested at variable cavitation time 

If in the first 15-30 min cavition attack does not reveals an initiation of the surface degradation phenomenon, 

at longer durations the appearance of concentric rings is observed which become more powerful after 90 

minutes and which practically keeps the same morphology until the end of the test. 

Another aspect of the high resistance to cavitation is the lack of caverns arranged stellarly towards the 

periphery, as it appears in materials with lower hardness. 

Examination with a scanning electron microscope (SEM) of the topography of the cavitated surfaces (Figure 5) 

proves that the removal mechanisms of the material, during cavitation erosion, are controlled by a process of 

plastic deformation, accompanied by the formation of sliding steps, characteristic of the γ matrix which has a 

fcc crystal lattice. The pinches present in the eroded surface, especially on the limits of the grains of solid 

solution γ are the places of the former nitride particles of the alloying elements. Increasing the nitrogen content 
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in the surface layer increases the elastic energy returned to the cavitational medium and decreases the amount 

of plastic energy absorbed by the alloy at the points of cavitational impact. 

 
-a-                                                                      -b- 

Figure 5 Detector SE micrograph (Tesca Vega SEM) of the nitrided surface after the cavity attack  

for 165 min 

4. CONCLUSIONS 

Compared to the solution treatment, enrichment the surface of the parts by applying plasma nitriding at 530 

°C leads to the reduction of mass losses of approx. 8.65 times and the erosion rate through cavitation of 

approx. 8 times. 

As a result of the fatigue processes and the plastic deformation effects that appeared, micro-cracks were 

initiated and developed in the triple contact points on the limits of the γ solid solution grains. 
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Abstract 

The high energy ball-milling (HEBM) procedure has been used for the preparation of magnetically hard/soft 

(1-x)SrFe12O19/xCo nanocomposite (with x = 0.1, 0.2 and 0.3). Effects of aging temperatures (800 - 1000 °C) 

on microstructure, morphology and magnetic properties have been studied. X-ray diffraction spectrum 

indicates the existence of two phases: the hexagonal SrFe12O19 and Co after HEBM process. Scanning 

electron microscopy was used to characterize the morphology, size and elemental composition of the 

synthesized nanocomposites. Thermal gravimetric analysis/differential scanning calorimetry were used to 

estimate the phase transition temperatures of the nanocomposites. The magnetic characterization was carried 

out via vibrating sample magnetometer at room temperature for the nanocomposite that showed the 

magnetically single-phase behavior. With increasing the content of Co, the coercivity (Hc) of the 

nanocomposites is decreased. Specific saturation magnetization (σs) is clearly increased with increasing of 

aging temperatures until reached the maximum (σs = 110 Am2/kg) with x = 0.1 aged at 1000 °C. The 

nanocomposite with x = 0.1 aged at 800 °C has enhancement in the squareness ratio (σr/σs) that reached to 

10.2 % increment in comparison with the single phase SrFe12O19. The HEBM process and synthesized 

SrFe12O19/Co nanocomposite can be regarded as a suitable technique for preparing hard magnetic 

nanomaterial for permanent magnets.  

Keywords: Ball-milling, nanocomposite, SrFe12O19, single-phase 

1.  INTRODUCTION 

Hard/soft magnetic nanocomposites (NCs) have aroused great interest due to the tremendous progress in 

their magnetic properties [1]. By optimizing the composition, the aging temperature and the appropriate ratio 

of hard/soft magnetic phases, the structure and magnetic performances of these NCs can be enhanced [2,3]. 

Hard/soft magnetic NCs were produced using the electrospinning method [4], sol-gel procedure [5] and high 

energy ball milling (HEBM) process [6,7]. At the HEBM method, there is a noticeable a “kink” or “bee-waist” at 

the demagnetization loops, suggesting decoupling between hard and soft phases due to the very large soft-

phase grains [7]. In this study, hard/soft (1-x)SrFe12O19/xCo (x = 0.1, 0.2, and 0.3) NCs materials have been 

synthesized using the HEBM method, with an effort to significantly increase the hard /soft exchange-coupling. 

The effects of the mass ratio of the hard/soft phases and the aging temperature on the morphology, 

microstructure and magnetic performances of the hard/soft NCs are discussed. 

2.  EXPERIMENTAL 

Hard/soft (1-x)SrFe12O19/xCo (with x = 0.1, 0.2 and 0.3) NCs was synthesized by the HEBM process. 

Commercially SrFe12O19 and Co powders of magnetic properties (Hc = 125, 16.7 kA/m, σs = 57.41, 165 Am2/kg 
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and σr/σs = 0.441, 0.073), respectively, were mixed with 2 ml of acetone in a stainless-steel ball mill vial. The 

Aktivator 2S planetary ball mill was used for milling at a speed of 800 rpm. The sample was milled for 6 hours 

at room temperature with mass ratio of a ball to powder 10/1. An analogous synthesis process was used to 

produce other mass ratio composite precursors. Finally, the (1-x)SrFe12O19/xCo composite precursor was aged 

at 800, 900, and 1000 °C for 2 h, respectively. A Netzsch STA 409 PC/PG thermogravimetric analyser was 

used for differential scanning calorimetry (DSC)/thermal gravimetric analysis (TGA) measurement. The 

structure characterization of NCs was carried out by a DRON-4 diffractometer using Co-Kα radiation. The 

morphology and elemental analysis of the powders was achieved using a Bruker Quantax 200 energy 

dispersive X-ray spectroscopy (EDX). Magnetic measurements were done at room temperature using a 

vibrating sample magnetometer (VSM-250) under an applied magnetic field up to 1600 kA/m. 

3.  RESULTS AND DISCUSSION 

3.1.  X-ray powder diffraction  

Figures (1a, b, and c) show the diffraction peaks of the composition, confirming the presence of M-type 

hexaferrite SrFe12O19 (SFO) as the hard phase and CoFe2O4 spinel ferrite (CFO) as the soft phase.  

 

 

  

Figure 1 XRD patterns of (1−x) SrFe12O19/xCo composites with different mass ratio of hard/soft ferrites: (a) 

9:1, (b) 8:2, (c) 7:3, (d) after ball milling process 

(c) (d) 

(b) (a) 
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Figure 1d indicates the existence of two phases: the hexagonal SrFe12O19 and Co after HEBM process. As 

the concentration and aging temperature increase, the diffraction peaks of CFO gradually increase [5]. There 

is no metal Co peak in the spectrum, indicating that Co ions are located in the crystal sites of the SFO structure 

and form a CFO phase [8]. At 800 °C, the presence of the Co3O4 phase is related to an incomplete aging 

reaction. When the aging temperature is increased, the occurrence of a high proportion of CFO phase. 

The decrease in the relative intensity of the peaks may be due to the substituted ions replacing the occupied 

ions at the lattice sites. The Co ion preferably occupies the 4f2 and 2a positions of the Fe ion octahedron [9]. 

As shown in Table 1, according to XRD data analysis, the lattice parameters (a and c) and the unit cell volume 

(Vcell) are calculated. Compared with the parent structure (a = 0.5881 nm and c = 2.3052 nm [8], the value of 

the lattice parameter of the SFO phase is increased from a = 2.3003 to 2.3076 nm; c = 0.5873 to 0.5887 nm 

with an increase in Co content from 0.1 to 0.3 wt% and increasing aging temperature from 800 to 1000 °C. 

This increase is attributed to the fact that the ionic radius of the cation Co2+ (0.074 nm) is larger than that of 

Fe3+ (0.064 nm) [8]. Due to the increase in a and c, the Vcell also increased from 0.6872 to 0.6926 nm3. Table 1 

shows the increase of average crystallite size <D>, as the aging temperature of all samples was increased 

from 800 to 1000 °C, demonstrates that grain growth arises during the aging process. 

Table 1 Sample composition x, the volume fraction of phases and XRD parameters (the lattice parameter (a,  

             c), the cell volume (Vcell) and average crystallite size <D> of SrFe12O19 in (1−x)SrFe12O19/xCo NCs  

             aged at 800, 900 and 1000 °C 

x T (°C) 

Phase composition (wt%) Parameters of SrFe12O19 phase 

SrFe12O19 CoFe2O4 Co3O4 SrFeO3 a (nm) c (nm) Vcell (nm3) <D> (nm) 

0.1 

800 71 16 11 2 2.3003 0.5873 0.6872 23.73 

900 62 35 - 3 2.3037 0.5877 0.6891 24.4 

1000 56 40 - 4 2.3045 0.5880 0.6899 34.62 

0.2 

800 60 18 20 2 2.3027 0.5876 0.6886 19.43 

900 30 58 7 5 2.3048 0.5879 0.6898 22.14 

1000 20 70 - 10 2.3045 0.5881 0.6902 22.31 

0.3 

800 48 22 27 3 2.3058 0.5882 0.6908 13.52 

900 19 73 - 8 2.3058 0.5884 0.6913 15.14 

1000 5 84 - 11 2.3076 0.5887 0.6926 17.43 

3.2.  Differential scanning calorimetry 

The DSC/TGA analysis of 0.9SrFe12O19/0.1Co NCs heated at a rate of 10 °C/min was performed. As illustrated 

in Figure 2, the DSC curve shows a strong endothermic peak near 902 °C. This is due to the transition from 

Co3O4 to CoO and the formation of CFO spinel. The small endothermic peak from 900 to 1100 °C may be due 

to decomposition of a small amount of SrFe12O19 and the formation of SrFeO3. From the TGA curve, the 2.2 % 

weight loss is mainly caused by the decomposition of Co3O4 into CoO and SrFe12O19 into SrFeO3 [10]. 
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Figure 2 DSC/TGA curves for the formation of CoFe2O4  

3.3.  The morphology 

Figure 3 shows SEM image and the results of a representative EDX mapping analysis of 0.9SrFe12O19/0.1Co 

NCs. It can be clearly observed that all relevant elements (Sr, Fe, O and Co) are evenly distributed; confirm 

that these two phases are evenly distributed in the NC.  

   

    

Figure 3(a) SEM image, (b) the EDX spectrum and EDX mapping distribution of O, Fe, Co, and Sr, 

respectively of the 0.9SrFe12O19 /0.1Co nanocomposite powders 

3.4. Magnetic hysteresis properties 

Figure 4 shows the hysteresis loop of (1-x)SrFe12O19/xCo (x = 0.1, 0.2, 0.3) NCs at room temperature. The 

powder sample (x = 1) shows hysteresis, indicating that it has hard magnetic properties. However, as the Co 

content (x) increases, the hysteresis loop becomes smaller, and the magnetization curve shows moderate 

hard magnetic characteristics at x = 0.3, which indicates that the magnetic anisotropy is reduced by the 

O Fe Co Sr 

(a) (b) 
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substitution of Sr(Fe,Co)12O19. From the smooth demagnetization curve of NCs, an exchange coupled between 

the magnetically hard/soft phases can be observed [5]. 

As shown in the Figure 5a, the Hc of (1-x)SrFe12O19/xCo (x = 0.1, 0.2 and 0.3) decreases monotonously with 

the increase of x and aging temperature. The 0.1Co/0.9SrFe12O19 NCs, aged at 800 °C, have the maximum 

Hc (214.9 kA/m); while the 0.3Co/0.7SrFe12O19 NCs, aged at 1000 °C, have the minimum Hc (39.8 kA/m).  

This can be attributed to the large crystal grains, it is easy to cause domain wall movement, thus reducing Hc 

[11]. In addition, as the aging temperature increases, the volume fraction of CFO increases and Hc decreases 

owing to the fact that the Hc of SFO/CFO NCs is not as large as that of SFO ferrite.  

The σs of (1-x) SrFe12O19/xCo (x = 0.1, 0.2 and 0.3) increases as the calcination temperature increases. In 

addition, as shown in Figure 5b, the σs of NCs varies nonlinearly with x. Herein, the 0.9SrFe12O19/0.1Co NCs 

powder, aged at 1000 °C, has the highest σs value (110 Am2/kg). This can be ascribed to the exchange coupled 

between the magnetically hard/soft phases. Furthermore, the magnetic moment of Co2+ (3 μB) is not as large 

as that of Fe3+ (5 μB), so replacing Fe3+ with Co2+ instead of 4f2 will increase the σs of the composite material 

[12]. The 0.7SrFe12O19/0.3Co NCs, aged at 800 °C, has the lowest σs value (65 Am2/kg). As the Co substitution 

increases, the tetrahedral-octahedral exchange interaction between Fe3+ and O2- ions weakens, so the 

magnetic moment value of the system decreases [13].  

Remanence (σr) of (1−x)SrFe12O19/xCo increases with the increase in aging temperature. As shown in 

Figure 5c, the σr trend of (1-x) SrFe12O19/xCo decreases as x increases. Due to the exchange coupled 

between the magnetically hard/soft phases, σr will be generated in the prepared nanocomposite powder.  

  

 

Figure 4 Magnetic hysteresis loops of (1−x) SrFe12O19/ x Co composites with different mass ratio of hard/soft 

ferrites: (a) 9:1, (b) 8:2 and (c) 7:3 

(a) (b) 

(c) 
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The dependence σr/σs on aging temperature and x is shown in Figure 5d. The σr/σs of (1−x) SrFe12O19/xCo 

decreased with the increase of aging temperature and showed a nonlinear change with the increase x. The 

theoretically predictable value of up to 0.50 is attributed to the single domain structure. As the volume fraction 

of the CFO increases in the NCs, the σr/σs decreased from 0.489 at 800 °C to 0.352 at 1000 °C. All values of 

σr/σs are lower than 0.5, which indicates that all NCs have multi-domain characteristics [2]. 

 
 

  

Figure 5 Variation in (a) Coercivity (Hci), (b) specific saturation magnetization (σs), (c) remanence (σr) and (d) 

squareness ratio (σr/σs) as function of Co content (x) and aging temperature of the(1−x) SrFe12O19/xCoNCs 

CONCLUSION 

Hard/soft (1-x)SrFe12O19/xCo NCs (with x = 0.1, 0.2 and 0.3) was successfully prepared using the HEBM 

process. The maximum magnetic properties (Hc = 214.9 kA/m, σs = 82.68 Am2/kg and σr/σs = 0.489) were 

achieved for 0.9SrFe12O19/0.1Co NCs, aged at 800 °C. Excessive Co and higher aging temperature will cause 

defects in the main hard magnetic SrFe12O19 phase and increase the amount of CoFe2O4 soft magnetic phase, 

thereby reducing the magnetic properties. 

Future work will focus on the synthesis of different composites with lower cost and higher performance. 
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Abstract 

The paper investigates an approach to the synthesis of classical heat-resistant alloys by laser cladding (LC) 

or direct laser deposition (DLD). This approach corresponds to the concept of developing the production of 

small parties of metal products with the economically feasible use of additive technologies. The results of 

already obtained materials from pure elemental powders and the prospects for the development of such 

formation of alloys from the liquid phase, as well as metal-matrix composites by 3D printing, are discussed. 

The paper presents the result of a specimen formation from a mechanical mixture of Ni / Cr / Fe powder, in 

the mass ratio of the main components, close in composition to the alloy Inconel 600. The produced multilayer 

specimen was studied by optical and electron microscopy. Measurement of fluctuations in the chemical 

composition in the specimen to determine the degree of diffusion of elements in the alloy was carried out. The 

formation of chromium oxide clusters along the boundaries of the tracks, which, presumably, diffuse in the 

direction of heat removal during crystallization from the melt, was found. The structure of the specimen is 

represented by large, elongated grains up to 1-2 mm in size, significantly exceeding the height of one pass. 

The direction of grain growth corresponds to the growth direction of the specimen in the direction of the Z axis. 

Keywords: Direct laser deposition, laser cladding, powder metallurgy, alloy synthesis, nickel and iron alloys 

1.  INTRODUCTION 

The introduction of metal additive technologies in the real economic sector may now be a priority for 

maintaining the growth rate of this area of industrial production. The advantage of the introduction of additive 

technologies is the ability to reduce the number of operations when obtaining the final product from the raw 

material. Many people know about the technology of metal printing, using the method of powder bed fusions, 

which is called selective laser melting (SLM). The units that use this technology are supplied as a complete 

self-sufficient system that allows you to make parts from a variety of materials according to the modes already 

worked out by the manufacturer. The cost of such machines is quite high, and the maximum dimensions of the 

working chamber usually do not exceed 500 mm for each of the coordinates. There are alternative solutions - 

these are installations that work on the principle of direct feeding of the material into the melting zone, for 

example - laser cladding (LC) or direct laser deposition (DLD). This is more affordable equipment, usually 

based on a 6-axis industrial robot manipulator, which allows you to produce large parts with a size of 1500 mm 

or more. 

The principle of operation of direct laser deposition consists in feeding the building material (powder or wire) 

into the melting zone with the formation of a melt bath by a laser beam and subsequent crystallization of the 

metal in the form of hemispherical tracks. As a starting material, powders from traditional alloys, from mechano-

alloyed powders, as well as from mixtures of elemental powders can be used. The construction of parts made 

of pre-alloyed alloys has already been fully studied in scientific works [1-5]. The influences of the surfacing 
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parameters, the technological parameters of the powders themselves, as well as the physics of the main 

processes were studied. The method of obtaining alloys from mechano-alloyed powders is designed to reduce 

the cost of processing secondary raw materials, as well as to obtain materials from pseudo-alloys [6-8]. Alloys 

from powder element mixtures do not require special technological operations before DLD, so they may be the 

cheapest raw material to produce alloys. The main issue is the degree of uniformity of the final alloy and the 

stability of the chemical composition relative to the initial mixture. Known work on DLD from elemental powders 

of the Fe-Cr-Ni system [9]. The authors synthesized an alloy with different contents of the components of the 

elemental mixture. Thin walls were made as samples. The point-by-point EDS results have shown that 

optimizing the particle size of the finished blend is necessary to maintain the original blend and reduce the 

separation of the premixed powder. The produced heterogeneous and multifunctional Fe-Cr-Ni alloy has both 

corrosion resistance and sufficient toughness and ductility. In [10], critical technical problems of the synthesis 

of alloys from elemental powders for future development are discussed. It is noted that today there are many 

unresolved issues, such as overcoming the entropy of mixing, flow behavior for various metal powders, and 

how the interaction of laser and material affects the final composition of the finished part. In addition, it is 

necessary to deduce a predictable relationship between the initial atomic or mass composition and the final 

composition of the finished alloy. The field of research on the production of high-entropy alloys from a mixture 

of powders is developing, since it is almost impossible to obtain traditional alloys from this type of material. 

Various high-entropy alloys of the FeCoNiCrCu [11], 6FeNiCoSiCrAlTi [12], TiVCrAlSi [13] and others systems 

were synthesized using laser technologies. 

The ability to synthesize the alloy in the growing process allows you to obtain alloys with different functional 

properties depending on the proportion of the components and allows you not to purchase many different 

powder alloys. Therefore, it can be assumed that the production of alloys from elementary powders may not 

only be of scientific interest, but also be a cost-effective method of production. 

The purpose of this work was to evaluate the quality of the alloy obtained by the method of synthesis of 

elementary powders by DLD and to investigate the problems that arise in the formation of the material structure 

and the formation of the alloy in the process of constructing multilayer samples. 

2. METHODOLOGY AND EXPERIMENT 

Ni, Fe, and Cr elemental powders were used in the delivery state. The characteristics of these powders are 

presented in Table 1. Then, the elemental powders were mechanically mixed by gravity for 4 hours in a mass 

ratio of 73% Ni, 17% Cr, 10% Fe until a homogeneous mixture was formed. This mixture was loaded into the 

powder feeder of the laser surfacing unit. The surfacing was carried out on a sheet of structural low-alloy steel 

of the St.3 grade with a thickness of 5 mm. The chemical composition of the substrate (in wt%) is iron 97, 

carbon 0.22; nickel, copper, chromium - each no more than 0.3; manganese 0.65; silicon 0.17. 

Synthesis and production of samples using laser cladding technology was carried out at the plant developed 

in SPBPU. The main components of the unit continuous ytterbium fiber laser iPG LS-3, powder feeder PF 2/2, 

optical system (cladding head) KUKA MWO-1 and Fanuc M20i robot. Method of melting zone protection:  local 

protection by argon supply, without filling the working chamber with argon. 

The experiment consisted in growing c samples from elemental powders by the DLD method to obtain a 

homogeneous alloy and simultaneously form the sample. The modes for which the process was carried out 

are shown in Table 2. First, a series of single tracks was made with a change in the amount of energy supplied 

due to a change in the laser power (900, 1200, 1500 and 2000 W). Then thin-walled and thick-walled samples 

were grown at a laser power of 1200 and 1500 W. 
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Table 1 Elemental powders for synthesis Ni-Cr-Fe alloy 

Powder Particle size (µm) Particle shape Chemical composition (wt%) 

Ni 5 - 55 

 

Ni - 99.25 
The rest including O - 0.75 

Cr 5 - 55 

 

Cr - 98.76 
Si - 0.22 

The rest including O - 1 

Fe 20-125 

 

Fe - 98.19 

Mn - 0.45 
The rest including O - 1.36 

All samples were cut and metallographic sections were made from them. Chemical etching of metallographic 

sections was carried out in a solution of 10 ml HNO3 and 30 ml HCl. Photos of the microstructure were obtained 

using a Leica optical microscope. Chemical analysis was carried out on SEM Tescan Mira 3 electron 

microscope with EDS attachment. X-ray phase analysis was carried out on Bruker D8 Advance diffractometer 

in the range of 200 to 1000 angles with 0.02 step and 2 s exposure time at each step. Quantitative phase 

analysis was performed using TOPAS5 software. 

Table 2 DLD parameters for growing samples from elementary powders 

DLD parameter Parameter value 

Speed of movement 10 mm/s 

Powder feed 15 g/min 

Protective argon 12 l/min 

Transport argon 6 l/min 

Laser power 900-2000 W 

Lifting height 0.6 mm 

Offset 50 % 

Laser spot size 3 mm 

3. RESULT AND DISCUSSION 

The structure of single tracks on a steel substrate is investigated. The etched samples in Figure 1 show a 

clear boundary between the substrate and the synthesized alloy, as well as the heat affected zone (HAZ). 

According to the state of the structure for laser powers of 900-1500 W (Figures 1 a-c), one can note the 

presence of vortex flows and turbulent flow of liquid in a bath of dissimilar liquid melt prior to crystallization. At 

a laser power of 2000 W, there are no vortex flows on the structure, and there is directional crystallization 

characteristic of tracks of homogeneous alloys. 
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Figure 1 Single tracks from an iron-based Ni/Cr/Fe mixture: a) 900 W, b) 1200 W, c) 1500 W, d) 2000 W 

The EDS method was used to determine the chemical composition of the tracks by area, which showed the 

presence of iron diffusion from the substrate (Table 3). Since the DLD process is characterized by the 

formation of a melt bath, it can be assumed that the volume of the molten substrate material significantly 

exceeds the volume of the introduced metal. For this reason, when surfacing a single track of elemental 

powders, the chemical composition is dominated by the elements of the substrate. 

Table 3 The content of chemical elements (wt%) in the track depending on the laser power 

Laser power (W) Ni Cr Fe 

900 3.5 4.9 91.6 

1200 2.8 2.5 94.7 

1500 6.1 4.6 89.3 

2000 2.7 2.7 94.6 

Also, the dependence of the size of the track bath (formed melt bath) depending on the laser power was 

revealed. This dependence, expressed in the final geometric size of the track, is shown in Figure 2. 

 

 

Figure 2 Parameters of the track geometry depending on the laser power 

a) b) 

d) c) 

Power (W) 

(μ
m

) 
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An SEM image with combined EDS analysis of a thin-walled sample grown at a power of 1500 W is shown in 

Figure 3.  

 

Figure 3 Cladding of a thin wall from an elemental Ni / Cr / Fe mixture at a power of 1500W 

The thin wall has an irregular shape and many protrusions due to the too small size of the powder, which led 

to the penetration of the powder particles along the boundaries of the walls and the formation of satellites. 

About the chemical composition of the thin wall, there is a gradient of the chemical composition in height, but 

the stabilization of the chemical composition occurs at a wall height of 2 mm, which corresponds to 

approximately 3 layers. This result suggests that when synthesizing low samples or coatings, the chemical 

composition of the alloy will be significantly affected by the substrate material, which must be borne in mind 

when selecting a powder mixture. 

a) b)  

Figure 4 Structure of synthesized thick-walled samples of the Ni / Cr / Fe system. a) the laser power 1200 

W, b) the laser power 1500 W. New layers were added in the Z direction 

Further, the structure and chemical composition of the synthesized thick-walled samples were studied. 

Depending on the laser power, the sample structure changed significantly. At a laser power of 1200 W, the 

orientation of the grains was found mainly in the direction of the growth of the thick wall. At a laser power of 
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1500 W, the grain orientation becomes even more pronounced with a cell size in one direction of about 2 mm. 

This structure indicates the heating of the sample during thermal cycling above the recrystallization 

temperature and directed cooling. 

To control the change in the chemical composition by volume, thin-walled samples were examined on EDS in 

three zones (Figure 5). The measurement results are shown in Table 4. 

a) b) c)  

Figure 5 EDS analysis in thick-walled samples. a) diagram of the areas for measuring the chemical 

composition, measuring the change in the chemical composition in zone 3 for laser power: b) 1200 W and  

c) 1500 W 

Table 4 Chemical composition (wt%) of samples from a Ni / Cr / Fe mixture for two laser powers in zones 1  

              and 2. 

                                          1200 W 1500 W 

element O Cr Fe Ni O Cr Fe Ni 

value for area 1 <0.5 18.3 12.0 69.7 1.6 13.4 13.1 72.0 

value for area 2 2.8 16.9 8.9 71.4 <0.5 11.0 12.4 76.6 

Optical image of inclusions SEM EDS 

 

Figure 6 Study of defects in the Ni-Cr-Fe alloy 

No unalloyed powder particles were found, but as can be seen from the structural images in Figure 4, there 

are a significant number of defects in the samples - inter-track oxide inclusions (Figure 6). With an increase 

in the laser power, the chromium content in the alloy decreased by 5 % due to an increase in the number of 

oxide phases. A comprehensive study of the chemical composition by the EDS method of a thin-walled sample 

showed the instability of the distribution of elements within the volume of the material. The reason for this 
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instability is based on the formation of oxide inclusions, which were identified as chromium oxide. With an 

increase in the laser power from 1200 W to 1500 W, the distribution of oxide inclusions changed. Thin 

inclusions distributed mainly along the track boundaries agglomerated between tracks into ellipsoidal 

inclusions with a diameter of 0.3 - 0.5 mm. 

4. CONCLUSION 

The following results were obtained in the work: 

 Synthesis of the alloy by the DLD method from elemental powders showed a high diffusion of the elements 

of the substrate material in the first 1-2 layers of surfacing, which can significantly change the chemical 

composition of the alloy; 

 At a laser power of 1200 W, all the powder melted down and participated in the formation of an alloy; 

 An increase in the laser power from 1200 W to 1500 W during DLD from elemental powders, the length 
of the grains increases to elongated crystals 12 mm long along the heat removal axis. 

 The elimination of the conditions for the formation of oxide inclusions, namely the protective oxygen-free 

chamber, as well as the minimum oxygen content in the powders, should improve the quality of synthesis 

from elemental powders; 

 It is planned to determine the functional properties of the material heat resistance and heat resistance, it 
is necessary to conduct additional studies and compare with the properties of pre-alloyed alloys of similar 

composition 
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Abstract 

Spark Plasma Sintering (SPS) or Field-Assisted Sintering Technique (FAST) is a powder metallurgical (PM) 

heat-assisted process, where loose metal powder is pressed to a compact. Powders, which are difficult to 

consolidate, can be processed much more efficiently than within the conventional PM process route, i.e. die 

pressing followed by sintering. However, temperature measurement in the SPS process is challenging since 

it can only be done on the die surface or within the die wall without influencing the process. In case of γ-based 

Titanium aluminide (TiAl) powders, a suitable sintering temperature allows for a modification of the three grain 

morphologies lamellar, equiaxed and duplex, and thus for the mechanical properties to be selectively adjusted. 

In this study, temperature control during the SPS process is investigated using the commercially available pre-

alloyed TiAl48-2Cr-2Nb (GE48) powder. For this purpose, temperature measurement with thermocouples and 

a pyrometer is considered. Furthermore, the influences of graphite and boron nitride lubricants or rather 

release agents and insulators on the temperature profile are investigated. The evaluation is carried out based 

on microstructure analysis and hardness measurements. The results show that a suitable temperature control 

of the process is possible. In addition, it seems that the choice of release agent has a significant influence on 

the temperature and thus on microstructure and mechanical properties. 

Keywords: Spark Plasma Sintering, powder metallurgical process, TiAl powder 

1. INTRODUCTION 

γ-based titanium aluminides (γ-TiAl) have a high application potential in the automotive and aerospace 

industries due to their high stiffness, good heat resistance and high specific strength as well as good corrosion 

resistance and low density, 3.9 - 4.2 g/cm³ [1]. This allows them to be used as a substitute for titanium- or 

nickel-based alloys while reducing the weight of a component. However, they are difficult to process due to 

their brittleness [2], which is why the SPS technique is often used [3]. 

SPS or rather FAST belongs to the in situ pressure-assisted sintering techniques and is characterised by 

uniaxial pressure application, low voltage and a high density current [4]. The high density current is induced 

via the tool and acts as a heat source due to the Joule effect. The heat generation depends on the electrical 

resistance of the tool and the sample. If the sample has a higher electrical resistance, the heat is generated 

there; otherwise, it is generated in the tool, consisting of die and punches [5]. The tool is usually made of 

graphite, which is why heating rates of 1000 K/min can be realised while maximum axial pressures are limited 

to about 150 MPa [5,6]. The adjustment of pressure and temperature enables the targeted setting of the degree 

of compaction and microstructure and thus the mechanical properties of the compact [5]. However, 

temperature control is an enormous challenge, as temperature measurement directly in the powder conflicts 

with the production of a perfect compact. Guyon et al. [7] and Liu et al. [3] measured the temperature 

exclusively with a pyrometer at the die wall, while Lagos et al. [8] measured the temperature inside the punch. 

In both cases, the actual temperature of the powder is unknown. Couret et al. [9] and Trzaska et al. [10] 
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deduced the actual temperature during the process from the final microstructure of the compact. However, 

using this method, it is unclear at the beginning of the process which temperature is necessary at the respective 

measuring point to obtain the desired result. Molénat et al. [6] and Voisin et al. [11] used FEM calculation to 

determine the temperature of the powder. Nevertheless, the simplifications made, such as a temperature-

independent density, falsify the results. Meanwhile, a more accurate method was used by Martins et al. [5] by 

measuring the temperature at the stamp surface and in the powder. This allowed them to calculate a correction 

factor, which could be used to infer the temperature of the powder from the temperature of the punch surface. 

However, the location of the temperature measurement was not specified, although this would be crucial, as 

the temperature distribution inside the powder is inhomogeneous during the process [9]. 

In this study, the temperature control in the SPS process is investigated using the example of commercially 

available pre-alloyed γ-TiAl powder. The aim is to be able to control the desired process temperature using a 

suitable reference measurement in the powder. In addition, the influence of different release agents and the 

use of insulations is investigated, as both should have a major impact on temperature distribution, yet were 

not considered in the above-mentioned studies. The results are evaluated by means of microstructure 

investigations and hardness measurements. 

2. MATERIALS AND METHODS 

The tests were carried out on a sintering press DSP 507 by Dr. Fritsch using TiAl48-2Cr-2Nb (GE48) powder, 

with a particle size of 45 to 150 µm and a melting temperature of 1510 °C. The powder was produced by the 

Electrode Induction Melting Gas Atomization process (EIGA) and classified under argon gas. The powder 

consists of 59.6 wt% Ti, 33 wt% Al, 2.6 wt% Cr and 4.8 wt% Nb. The experimental setup is shown in Figure 1 

on the left. The tool material used was graphite grade 2333 from Mersen Corporate Services SAS. It was 

additionally covered with a carbon-bonded carbon fibre (CBCF) insulation to reduce heat dissipation (not 

depicted). 

 

Figure 1 Experimental setup (left) and positions of the morphology images a to e in the sample (right) 

Initially, all contact surfaces between the powder and the tool were sprayed with a lubricant or rather release 

agent. After the spray had dried, the bottom of the die was closed with a punch, the powder was filled in and 

the top of the die was closed with another punch. In each case, 29.23 g of powder were filled in, theoretically 

resulting in a cylindrical compact with a diameter of 25 mm and a height of 15 mm at 100 % compression. In 

the next step, the powder was pre-compacted on a hydraulic hand press, with both punches protruding equally 

from the die to ensure that the powder can be heated evenly. The temperature was controlled by three type K 

thermocouples, which were inserted into 8 mm deep holes in the die wall at 9.5 mm from the powder cavity at 

10, 25 and 40 mm axial heights at 120° to each other. The temperature Tdie mentioned in this report refers to 
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the maximum measured value of these thermocouples. The temperature of the upper punch Tpunch was 

observed separately with a pyrometer, which was aligned with the upper punch about 2 mm above the die. As 

the powder is compacted in the sintering process, the punches move slowly into the die, so that the position 

of the pyrometer has to be corrected manually several times. Therefore, the pyrometer only gives a tendency 

of the punch temperature. All tests were carried out under fine vacuum at an axial punch pressure of 30 MPa. 

The heating rate was slowed down with increasing temperature to enable homogeneous heating of the powder. 

Based on Tdie, the heating rate was 60 K/min up to 600 °C, 30 K/min up to 900 °C, 20 K/min up to 1000 °C, 

10 K/min up to 1100 °C and 5 K/min up to 1170 °C. The experimental design is shown in Table 1. During 

tests 1 to 3, graphite was used as release agent. In test 1, the actual powder temperature Tpowder was measured 

in the centre of the sample. This was used to determine a correction factor with which Tpowder could be inferred 

from Tdie in the subsequent tests. Therefore, the middle thermocouple hole was re-drilled up to the cavity in 

order to radially insert a type K thermocouple through the hole into the centre of the powder. The run was 

carried out until the thermocouple failed at Tpowder= 1200 °C. The aim of test 2 was to set a duplex 

microstructure at Tpowder = 1300 °C in the centre of the sample with the help of the previously determined 

correction factor. Since the temperature is inhomogeneous over the height of the sample [2], in test 3, ceramic 

discs with a thickness of 4 mm made of Alsint 99.7 (Al2O3) were used as electrical and thermal insulators [12] 

between the punches and the powder in order to achieve a more homogeneous temperature distribution. Since 

this material is very susceptible to thermal shock, a heating rate of 5 K/min was not to be exceeded when using 

it. In test 4, the release agent was changed to boron nitride with the aim of reproducing the potential effect of 

the ceramic discs while allowing higher heating rates. In order to quantify the influence of the release agent on 

the microstructure and thus the temperature distribution in the sample, the punch faces were sprayed with 

graphite in the last tests 5 and 6, while the other contact surfaces between powder and tool were sprayed with 

boron nitride. The evaluation was carried out based on microstructural analyses in the positions as shown in 

Figure 1 on the right and Vickers hardness measurements (HV1: test load 9.807 N). For this purpose, the 

samples were prepared metallographically and etched according to Kroll (3 ml HF + 6 ml HNO3 + 100 ml H2O). 

Table 1 Experimental design 

Test Release agent Temperature Insertion of thermocouple in powder Ceramic insulation 

1 graphite 1200 °C (Tpowder) Through the die - 

2 graphite 1300 °C (Tpowder) - - 

3 graphite 1150 °C(Tdie) - yes 

4 boron nitride 1150 °C (Tdie) - - 

5 boron nitride, graphite 1130 °C (Tdie) - - 

6 boron nitride, graphite 1170 °C (Tdie) - - 

3. RESULTS AND DISCUSSION 

During the first three tests with graphite as release agent, Tpunch was approx. 120 °C higher than Tdie. In test 1, 

shortly after the start Tpowder is about 45 °C higher compared to Tdie. The difference increases to a maximum of 

180 °C up to about Tdie= 600 °C and then settles at 130 °C in the range of Tpowder= 1000 °C to 1200 °C 

(Figure 2). During the test, Tpunch is always colder than Tpowder. The rapid increase can probably be attributed 

to the high heating rate up to Tdie= 600 °C. The subsequently decreasing heating rate leads to an increasing 

temperature homogenization between powder and tool, so that the temperature difference between the two 

reaches an approximately constant value (130 °C). 
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Figure 2 Temperature of die, centre of powder and upper punch vs. process time 

In test 2, at Tdie = 1170 °C, all three microstructural morphologies [13] are evident in the sample, despite initial 

signs of melting on the sample faces. As a result, a coarse-grained lamellar structure is evident at the end 

faces, while a duplex structure is present towards the centre of the sample (Figure 3). A fine-grained near-γ 

structure is also visible in the lateral area of the sample [14]. The hardness measurements support the results, 

as with increasing distance to the end faces, the hardness decreases from about 358±4 HV1 to 298±8 HV1. 

The results confirm that the temperature in the area of the punch faces is significantly higher compared to Tdie 

and to Tpowder. The likely cause is the much higher electrical resistance of the powder. Consequently, the 

current only flows through the powder in the face area, heats it up enormously and covers the rest of the 

distance mainly through the die. The challenge of the resulting heat build-up was met by using ceramic discs 

in test 3, which were inserted between the punch faces and the powder. The discs act as thermal and electrical 

insulators that do not transmit the current to the powder [15]. This, together with the slow heating rate, then 

leads to a more homogeneous temperature distribution within the sample and to a smaller temperature 

difference between Tpowder and Tdie. As a result, a near-γ structure with a uniform hardness of about 

255±11 HV1 is formed at Tdie = 1150 °C. 

 

Figure 3 Microstructure in defined positions a, b, c and d according to Figure 1 (right) of a sample sintered 

at Tdie = 1170 °C with graphite as release agent 

In test 4, when boron nitride was used as release agent, the punch only became about 40 °C warmer compared 

to Tdie. The result is a homogeneous near-γ structure with a hardness of about 280±7 HV1, which is 

comparable to the use of the ceramic discs. In contrast to graphite, boron nitride acts more as an electrical 

insulator [16], so that to a small extent the current flows evenly through the powder, but mainly through the 

tool. Hence, an effect similar to the use of ceramic discs is achieved, with the difference that higher heating 

rates can be used. In order to direct the current flow mainly through the powder, in test 5 and 6, all contact 

surfaces between powder and die were sprayed with boron nitride, while only the punch end faces were 

sprayed with graphite. During these tests, Tdie corresponds approx. to Tpunch with a maximum difference of 

20 °C. At 1130 °C, a near-γ structure can be seen (Figure 4). The measured hardness there is 280±5 HV1. 

However, a lamellar structure can be seen in the lower sample area. This can be related to the different depths 
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of the punches inserted in the die. The punch, which is more in contact with the die, experiences less cooling 

from the relatively cold chamber and heats up more, which leads to a higher temperature. 

 

Figure 4 Microstructure in defined positions a, c and e according to Figure 1 (right) of a sample sintered at 

Tdie = 1130 °C with graphite and boron nitride as release agents 

In test 6, at 1170 °C, the lower punch was probably also located further inside the die during the process. The 

overview image in Figure 5 shows much larger grains on the end faces, which become smaller towards the 

lateral area and towards the centre of the sample. However, no melting is visible as in test 2. Over the height 

of the specimen, the hardness decreases from about 291±4 HV1 to 282±1 HV1 from the end faces to the 

centre, while it is about 280±9 HV1 in the centre over the diameter of the sample. 

 

Figure 5 Microstructure in defined positions a, b, c, d and e according to Figure 1 (right) of a sample 

sintered at Tdie = 1170 °C with graphite and boron nitride as release agents 

4. CONCLUSION 

Within the scope of the investigations, temperature measurements were carried out directly in the powder and 

at different positions of the tool during the SPS process. It was found that when exclusively graphite is used 

as release agent, the punches become much warmer than the die and the powder. In this case, Tpowder was 

130 °C higher and Tpunch was 120 °C higher compared to Tdie. Heat builds up between the punch face and the 

powder, which at Tdie = 1170 °C leads to melting of the powder on the punches. The influence of the heat build-
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up could be minimised by using ceramic discs at the expense of a significantly higher process time. The large 

temperature difference between the punch face and the powder was reduced by a modified release agent 

strategy. For this purpose, the punch faces were sprayed with graphite, while the other contacts between 

powder and tool were sprayed with boron nitride. Since the latter acts as an electrical insulator, more of the 

current flow was able to pass through the powder via the punches, causing it to heat up more homogeneously 

and preventing it from melting at Tdie = 1170 °C. However, the microstructure continues to vary across the 

sample height due to temperature gradients within the sample, which is supported by the hardness values. A 

reduced sample height or a better electrically insulating release agent could remedy the situation. 
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Abstract 

Mechanical and electrical properties of an Al-Er-Zr alloy were investigated. Microhardness and resistometry 

measurements were supplemented by transmission electron microscopy and scanning electron microscopy. 

Resistivity decreases during isochronal annealing take place within the following temperature intervals: 150-

270 °C, 300-420 °C and 450-570 °C. The isochronal microhardness curve reflects hardening effects at 

corresponding temperatures. However, no thermal effect was observed in the DSC curves ranging from 25 °C 

to 600 °C. A transmission electron microscopy observation of the alloy studied isochronally annealed up to 

390 °C revealed a high density of L12-structured particles, some of which had nucleated on dislocations. The 

distinct electrical resistivity, as well as microhardness, changes are in all cases connected with the precipitation 

and evolution of the Al3Er, Al3Zr and/or Al3(Er,Zr) particles. 

Keywords: Precipitation hardening, Al-Er-Zr alloy, resistivity, TEM 

1. INTRODUCTION  

An addition of Sc to Al alloys increases drastically the strength of an Al alloy due to the formation of a high 

number density of L12-structured Al3Sc precipitates coherent with the aluminum matrix [1,2]. Further addition 

of a trace amount of Zr leads to formation of ternary L12-Al3(Sc,Zr) precipitates. These ternary particles have 

both thermodynamic and kinetic tendencies to form a core-shell structure [3-6]. The resulting Zr-rich shell can 

retard the fast diffusing Sc and therefore impede the coarsening of the precipitates [3,5,7]. 

However, the applications of Sc are restricted due to its high cost. Similarly to Sc, the heavy rare-earth element 

Er exhibits an Al-Al3Er eutectic reaction. Al3Er also exhibits a stable L12 structure [8]. Er has a larger diffusivity 

than Sc [9, 10], and thus Al3Er precipitates nucleate and grow at low temperatures and therefore Al-Er alloys 

suffer from an early loss of strength [11]. The high matrix/precipitate interfacial energy in case of Al3Er [12] 

also indicates low coarsening resistance. Fortunately, it was confirmed that the co-alloying of Er and Zr in Al 

leads to the precipitation of L12-phase Al3(Er,Zr) particles. Li et al. [13] reported the core-shelled structure of 

Al3(Er,Zr) in a peak-aged Al-Er-Zr alloy. Just like in case of Al3(Sc,Zr), the shell rich in Zr can act as diffusional 

barrier enhancing the coarsening resistance of the precipitates [13]. 

Despite these findings, the Al-Er-Zr system has not been thoroughly studied and the description of non-

homogenised cast Al-Er-Zr alloys is missing. This article reports on the evolution of mechanical and electrical 

properties of a cast Al-Er-Zr alloy during isochronal annealing. 
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2. EXPERIMENTAL PROCEDURES 

A ternary as-cast alloy with nominal composition of Al-0.25 Er-0.15 Zr (wt%) was studied. The samples were 

isochronally annealed from room temperature (RT) up to 570 °C in steps of 30 °C/30 min. Heat treatment was 

performed in a stirred silicone oil bath up to 240 °C (these steps were followed by quenching into liquid 

nitrogen) and in a furnace with an argon protective atmosphere above 240 °C (followed by quenching into 

water at RT). 

The response of Vickers microhardness (HV0.3) to isochronal annealing was investigated by Wolpert Wilson 

Micro Vickers 401MVD at ~ 10 °C. 

Relative resistivity changes during the isochronal annealing were measured by DC four-point method with a 

dummy specimen in series at 77 K in liquid nitrogen bath.  

Differential scanning calorimetry (DSC) was performed at heating rates of 5, 10 and 20 °C/min in Netzsch DSC 

204 Phoenix apparatus. A specimen of mass ~10 mg was placed in Al2O3 crucibles. Nitrogen flowed at the 

rate of 40 ml/min as a protective atmosphere.  

The microstructural development was investigated by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) using TESCAN MIRA I LMH, equipped with an X-ray BRUKER microanalyser for 

energy-dispersive spectroscopy (EDS) measurements, and JEOL 2200FS, respectively. TEM foils were cut 

from the aged specimens, ground to about 100 μm and then electropolished with an electrolyte solution 

consisting of 30% nitric acid and 70% methanol at −25 °C. 

3. RESULTS AND DISCUSSION 

Figure 1 displays the response of the microhardness HV0.3 and relative resistivity changes of the Al-0.25 Er-

0.15 Zr alloy to step-by-step isochronal annealing. The initial absolute value of resistivity was determined as 

5.06±0.08 nΩ•m. Three distinct decreases of resistivity can be seen in the annealing curve. These occur within 

the following temperature intervals: 150-270 °C, 300-420 °C and 450-570 °C, the last decrease being the 

sharpest. The microhardness increases slightly during the first drop of resistivity and peaks at 360 °C (during 

the second one). The microhardness then drops at 420 °C before peaking again at 480 °C after which it 

reaches a plateau.  

 

Figure 1 Isochronal annealing curves of resistivity and microhardness 
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The DSC measurements in heating rates of 5, 10 and 20 °C/min were done in the alloys in addition to resistivity 

and microhardness measurements. However, no thermal effect was observed in the DSC curves ranging from 

25 °C to 600 °C. 

SEM micrograph of the alloy in the as-cast state (Figure 2) shows a high number density of Er-rich primary 

precipitates, as analyzed by EDS, indicating that the Er supersaturation in the Al matrix might be relatively low. 

The eutectic is enriched in Er only as Al-Zr alloys undergo a peritectic transformation [14]. Only small density 

of dislocations in grain interiors in the as-state of the alloy was observed by TEM. Considering that the number 

of grain boundaries (millimetre-size grains, roughly estimated from SEM observations) is also very low and do 

not change significantly during the aging process, the dominating contributing factor to the evolution of 

electrical resistivity is the change of solute concentrations in the matrix. 

 

Figure 2 SEM micrograph of the as-cast microstructure 

In the available literature focusing on Al-Er-Zr ternary and Al-Er-Sc-Zr quaternary systems, Er is generally 

believed to precipitate first [12,13,15-18], owing to its high diffusivity [10], despite its high critical nucleation 

radius and critical work of nucleation [12]. The sluggishly diffusing Zr was reported to first precipitate above 

400 °C even at lower effective heating rates of isochronal annealing [15,16]. Therefore, the second 

microhardness peak and the resistivity changes above 450 °C can be ascribed to Zr. 

Figure 3 shows dark-field TEM micrograph of the alloy isochronally annealed up to 390 °C taken with an L12 

superlattice reflection. Based on the above, the displayed particles are most probably Al3Er. The diffraction 

pattern shown in Figure 4 confirms the L12 structure of the precipitates. The arrows in Figure 3 point at arrays 

of heterogeneously precipitated particles. Such arrayed precipitation was also observed in an Al-Sc alloy [19] 

and Al-Sc-Ti alloy [20] aged at small supersaturation. Low supersaturation means low thermodynamic driving 

force for nucleation and the precipitates nucleate predominately heterogeneously on dislocations to form an 

array [20]. The Er supersaturation in the present alloy has probably been considerably lowered by formation 

of the primary particles (see Figure 2). Moreover, the matrix/precipitate interfacial energy is higher for Al3Er 

(compared to Al3Sc) [12] and so its precipitation can be expected to be even more affected by presence of 

preferential nucleation sites. 
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Figure 3 Dark-field TEM image of the alloy isochronally annealed up to 390 °C 

 

Figure 4 Selected area diffraction pattern of the alloy isochronally annealed up to 390 °C with weak L12 

reflections, beam parallel to [001]Al projection 

So far, little effort has been made to describe the early stages of evolution of Al3Er particles. Vlach et al. [21] 

investigated phase transformations in an Al-0.2 Sc-0.15 Zr alloy during isochronal annealing and found that 

prior to Al3Sc precipitation there was a slight decrease and increase in resistivity and microhardness, 

respectively. The suggested explanation - Sc clustering - was later proved by positron annihilation 

spectroscopy [22]. Analogically it can be proposed that the slight resistivity and microhardness changes 

between 150 °C and 270 °C (see Figure 1) are connected to clustering of Er. This statement, however, stems 

from the analogy to the similar Al-Sc system and is to be proved. Subsequently Al3Er are formed, resulting in 

drop of resistivity and peak hardness at about 360 °C. The decline of microhardness at 420 °C is probably 

(200)Al 

(100)L12
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caused by coarsening of the Al3Er particles. Their dissolution would be accompanied by an increase of 

resistivity which was not observed. 

Nieet al.[15] have reported that the number density of precipitates of Al-Er-Zr alloy is higher than that of Al-Er 

alloy and there are core-shell Al3(Er, Zr) precipitates in the Al-Er-Zr alloy with core enriched in Er and shell 

enriched in Zr. First-principles calculations showed that this core-shell structure is the most stable among all 

possible precipitation structures in Al-Er-Zr and thus shall account for majority of precipitates [12]. At 

temperatures greater than 420 °C, the diffusivity of Zr becomes sufficiently large to permit significant diffusion 

and precipitation of this solute element on previously formed Al3Er precipitates, causing the second 

microhardness peak and subsequent microhardness plateau. 

4. CONCLUSIONS 

The properties of cast Al-Er-Zr alloy were investigated utilizing microhardness, electrical resistivity 

measurements, differential scanning calorimetry and observations by electron microscopy. Based on the 

obtained results, following conclusions can be made: 

 The slight resistivity and microhardness changes between 150 °C and 270 °C might stem from clustering 

of Er. 

 The precipitation of Al3Er particles results in a pronounced hardening effect. Some of these particles 

nucleated on dislocations. 

 No thermal effect was observed in the DSC curves ranging from 25 °C to 600 °C. 

 Above 420 °C, Zr most likely precipitates on previously formed Al3Er nuclei, probably forming a Zr-rich 

shell. 

 In order to describe the decomposition sequence of the Al-Er-Zr system thoroughly, further 
investigations are required. 
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Abstract 

Metallic networks are promising candidates for new age porous materials wherein porosity is induced by 

manoeuvring network architecture. Their properties are thus highly dependent on architectural parameters like 

fibre segment length, orientation of fibres, porosity etc., apart from being dependent on the nature of material 

and processing conditions. As such, varied networks having diverse properties can be constructed depending 

on the choice of architectural or structural parameters and fibre material. Shape memory alloys (SMAs), when 

used to make the network, can bring about additional properties like superelasticity and shape memory effect 

in network that can be beneficial for increasing the recoverable strain of SMAs. In the current study, the as-

received cold worked Nitinol wire of 0.125 mm diameter has been considered. In order to achieve the required 

SMA properties for manifesting the characteristic behaviour of Nitinol, an annealing treatment is needed. The 

specimens were subjected to heat treatment at 400 °C for 5, 15 and 30 minutes and evolution of transformation 

temperatures was measured by differential scanning calorimetry (DSC). Further, the effect of fibre orientation- 

a critical structural parameter of the networks - on the shape memory properties of SMAs in the porous network 

form has been considered. For this, SMA fibre specimens annealed at 400 °C for 30 min were inclined at 

different orientations and loaded in tension till fracture. It was observed that with the increase in inclination 

angle from the loading axis, the plateau and fracture load decreases, whereas the superelastic strain range 

increases. The SMA deformation characteristics were then modelled in ANSYS software to determine the 

effect of inclination angles and further validated.  

Keywords: Shape memory alloys, metallic fibre networks, fibre inclination angle, superelastic behaviour 

1. INTRODUCTION 

The uniqueness of the porous materials lies in their ability to incorporate pores and related characteristics, 

apart from retaining the inherent properties of their constituent material. Fibrous based porous materials exhibit 

heterogeneity and high porosity, which widen their application areas, including light weight structures, sound 

and energy absorption, heat transfer, catalysis, filtration and bioimplants [1-3]. These materials can be made 

with metal fibres, which are arranged as per a specific architecture to required shape and sintered to establish 

bonding at the fibre-fibre contacts, after compaction [3,4]. The properties of these networks are dependent on 

the architectural parameters including fibre orientation, fibre segment aspect ratio and the fibre material. It is 

thus interesting to explore the combined effect of a fibre being a smart material like Nitinol (alloy of Ni and Ti) 

and its deformation behaviour influenced by fibre network architectural parameter, such as fibre orientation. 

Smart materials like Shape Memory Alloys (SMAs) exhibit properties like superelasticity (SE) and shape 

memory effect (SME), in response to load application and temperature variations, respectively [5]. Their 

characteristic behaviour arises due to the presence of austenite (A) and martensite (M) phases and their 

reversible transformations [6]. A third phase, R-phase (R) can exist in the material either due to the presence 

of dislocations (cold-working) or annealing of Ni rich Nitinol at specific temperature ranges or addition of 
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elements like Fe [7]. Thermo-mechanical history, thus, influences the response of SMAs to loading. It also 

regulates the transformation temperatures As, Af, Ms, Mf, Rs and Rf, where As is the austenite start temperature, 

Af is the austenite finish temperature and so on. Taking into consideration the complex behaviour of SMAs and 

their specific properties, the present study involves determining: (i) the effect of annealing on Nitinol 

transformation properties and (ii) the effect of fibre inclination angle on the annealed SMAs deformation 

behaviour, specifically, their superelastic response. 

2. MATERIALS AND METHODS 

Equiatomic NiTi (Nitinol) in the form of wire in cold-worked state with a diameter of 0.125 mm was procured 

from Good Fellow Cambridge Ltd., UK. The long wire in the spool was cut in to required sized fibres for further 

testing and analysis. These fibres were then annealed at 400 °C for 5, 15 and 30 min in a muffle furnace. The 

determination of phase transformation temperature of the annealed samples was carried out using differential 

scanning calorimetry (DSC) (TA instruments, Q 200) by subjecting them to heating and cooling cycles in the 

temperature range of -40 °C to 120 °C (150 °C for 5 min annealing) at a rate of 10 °C/min. The fibre sample 

annealed at 400 °C for 30 min was loaded in tensile mode using Zwick-Roell UTM with 1 kN load cell and a 

heating chamber (RT to 250 °C). The fibre samples used for tensile testing were oriented at different angles 

of 15°, 30° and 45° with respect to the loading axis, apart from the vertically inclined (i.e., along the loading 

axis) one, keeping the gauge length as 25 mm. All the samples were loaded at 65 °C (T > Af), till fracture while 

maintaining a crosshead speed of 0.001 mm/s. Further, the annealed samples (those of vertically aligned and 

oriented at different angles) were also pulled in tensile mode till 4 % strain and then unloaded to zero-load 

condition, to determine the superelastic characteristics. The loading-unloading tests were carried out at 

different testing temperatures, especially above and below the Af temperature, to determine their influence on 

the superelastic behaviour. The superelastic behaviour of the vertically aligned fibre was then modelled in 

ANSYS v18.1 and validated. Considering this model, the unloading characteristics of inclined fibres have been 

simulated. 

3. RESULTS AND DISCUSSION 

3.1. Annealing effect on transformation temperatures 

The as-received Nitinol wire was expected to show the suppression of martensitic transformation due to its 

cold-worked state [8]. The annealing was thus required to decrease the dislocation density and allow the 

martensitic transformation. It has been suggested that low temperature (i.e., partial) annealing, after cold-

working, shows better strength and superelastic characteristics and hence a temperature of 400 °C was 

chosen for annealing the specimen [7]. The DSC curves of the annealed specimens are shown in Figure 1a. 

The DSC curves show two peaks, one on the heating and the other on the cooling side, having little hysteresis. 

The peaks are broad for the specimen annealed for 5 min., while they evolve to become narrower for 

specimens annealed for 15 and 30 min, respectively. The presence of R-phase is expected due to the low 

hysteresis in the heating and cooling curves (as seen in Figure 1a) and high dislocation density of the as-

received sample [7]. The change in the annealing time, although does not affect the nature of phases formed, 

is seen to change their transformation temperatures. The effect of annealing time on transition temperature is 

shown in Figure 1b. The narrowing of the peaks with the increase in the annealing time is observed, resulting 

in decrease in the temperature hysteresis. This is because the stored elastic energy decreases with annealing 

[9]. As the transformation temperatures show only a slight change for 30 min annealing time from 15 min, the 
former is selected for further investigation. Table 1 shows the measured transformation temperatures for the 

three cases. 
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Figure 1 a) DSC curves of Nitinol SMA annealed at 400 °C for 5, 15 and 30 min; b) Effect of annealing time 

on transformation temperatures of Austenite and R-phase 

Table 1 Transition temperatures of equiatomic Nitinol, measured from DSC, after annealing at 400 °C for 

different times 

Annealing time at 400 °C 

(min) 

Transformation temperatures (°C) 

As Af Rs Rf 

5 -20.37 64.71 61.38 -23.91 

15 36.43 58.86 55.23 28.42 

30 36.97 55.41 52.64 31.21 

3.1. Tensile test till failure 

The vertically aligned and inclined fibres (annealed at 400 °C for 30 min.) were kept in the heating chamber at 

65 °C and pulled till failure. The results are compared with each other as well as with the as-received sample 

(aligned along the loading direction) and are shown in Figure 2a. The as-received sample does not show any 

superelastic plateau due to its cold-worked condition [10,11]. The annealed samples, on the contrary, show 

Luder band like transformation of austenite to stress induced martensite. Further, the load required for 

transformation i.e., transformation load, of the annealed samples continuously decreases as the fibre 

inclination angle is increased. A decrease of about 15 % from vertically aligned fibre to the fibre aligned at 45° 

was observed. The plateau range (displacement range for the plateau region), however, shows an increase of 

about 58 % from the vertically aligned fibre to the 45° inclined one, as shown in Figure 2b. The increase in the 

plateau range, corresponding to the Luder band transformation, can be due to longer inclined length of the 

wire which increases with the angle of inclination. Figure 2b also represents the decrease in fracture load and 

increase in the overall displacement with the increase in the inclination of fibre. The fracture load decreased 

by about 6 %, whereas the overall displacement increases from about 16 % to 30 %. The increase in the 

overall displacement required for fracturing the inclined wire at low loads can be the direct manifestation of 

higher axial and shear force and bending moment for the inclined fibres. Also, if compared to the as-received 

sample, the fracture load and total displacement of the vertically aligned annealed fibre is observed to be 

almost 5 % lower and 95 % higher, respectively, thereby showing the influence of annealing on the properties 

i.e., increase in ductility and decrease in strength.  

3.2. Superelastic behaviour at different temperatures 

The vertically aligned annealed specimen with tensile load - unload cycle was performed at different testing 

temperatures to determine its superelastic behaviour. The deviation in the behaviour of the inclined fibres from 
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the vertically aligned one is a function of the properties of the latter. The superelastic behaviour of the vertically 

aligned fibre was at temperatures lower and higher than Af, as shown in Figure 2c, and compared, to find the 

optimum temperature for investigating the effect of fibre inclination angle. As shown in Figure 2d, the upper 

and lower plateau load shows an increasing trend with the increase in the test temperature. At room 

temperature, the upper plateau load is 6.4 N which then increases to 8.8 N (about 37 % increase), when the 

testing temperature is 65 °C (above Af), and the transformation to austenite is complete. This is because the 

austenite becomes more stable as the test temperature increases and hence requires higher load for initiation 

of transformation [7]. The lower plateau load also shows a linear trend, showing a 97 % increase with the 

increase in test temperature. The load hysteresis decreases first and then tends to stabilise as the temperature 

becomes greater than Af. 

 
Figure 2 a) Load - displacement curves of as-received and annealed Nitinol fibre samples aligned along  

the loading axis and 15°, 30° and 45° away from it; The effect of fibre inclination angle on b) transformation 

load, plateau range, fracture load and total displacement of the fibre, c) Superelastic curves of Nitinol  

tested from room temperature to above Af temperatures, and d) its respective variation of upper  

and lower plateau load  

3.3. Simulating the superelastic behaviour of inclined fibres  

The loading-unloading characteristics of the annealed sample, oriented along the loading axis (i.e., vertically 

aligned) and tested at 65 °C, were used in the ANSYS software to simulate the same for the inclined fibres 

aligned at varied angles with the loading axis. The model in ANSYS v18.1 requires six constants (starting and 

final stress values for forward and reverse phases, transformation strain and a parameter to measure the 

difference in the response for tension and compression) to completely simulate the superelastic behaviour of 
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SMAs [12]. The SMA fibre was modelled with diameter as 0.125 mm and length as 25 mm. One end of the 

fibre was fixed, and displacement was provided to the other end. Optimized FEM parameters with a tetrahedral 

meshing and an element size of 0.04 mm was considered for our study. The fibre was pulled to 1 mm and then 

unloaded to zero load. The superelastic curve simulated for the vertically aligned fibre was compared with the 

experimentally obtained curve and a good co-relation was observed as shown in Figure 3a. The validated 

model was further considered to predict the superelastic behaviour of inclined fibres. Keeping the fibre 

characteristics same as vertical fibre, the superelastic curves of fibres inclined at 15°, 30° and 45° inclination 

angles were predicted, as shown in Figure 3b. 

 

Figure 3 a) Comparison between experimental and simulated (ANSYS) superelastic curves of Nitinol, b) 

simulated superelastic curves of fibres inclined at 0°, 15°, 30° and 45°, the effect of fibre inclination angle on 

c) upper and lower plateau load and hysteresis, and d) forward and reverse plateau range and the 

displacement required for transformation 

As the fibre inclination angle increases, the upper and lower plateau load as well as the load hysteresis 

decreases, as shown in Figure 3c. The upper and lower plateau loads show a decrease of about 35 % and 

33 % respectively, while the decrease in hysteresis is seen to be about 39 %. The forward and reverse plateau 

range also decreases when the loaded fibres are extended to 1 mm and then unloaded, as the transformation 

of austenite is delayed, and is shown in Figure 3d. The forward plateau range decreases from 0.64 mm to 

0.29 mm as the fibre inclination angle increases. The reverse plateau range decreases from 0.67 mm to 0.43 

mm as the displacement required for transformation of austenite increases from 0.36 mm to 0.71 mm, showing 

an increase of about 99 %. The decrease in plateau load with increasing fibre inclination angle is also observed 

when they are loaded till failure. This decrease is critical while considering the use of SMA fibres in porous 

metallic networks. It is to be noted that the increase in the fibre inclination angle may decrease the load required 

for transformation of austenite and also the fracture load. However, the delay in showing the transformation 

and increase in the overall displacement may prove beneficial in several structural and bio-medical 

applications, when combined with their porous nature. 
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4. CONCLUSIONS 

Following conclusions can be drawn from the present study: 

i) The Nitinol SMA fibres annealed at 400 °C exhibits low hysteresis and an increase in transformation 

temperatures as function of annealing time from 5 min to 30 min, where the increase is negligible after 

15 min. 

ii) With the increase in fibre inclination angles from 0° to 45° of the annealed SMA fibre, the fracture load 

decreases by 6 %, while the displacement increases by 85 %. Further, the transformation load 

decreases by up to 15 % and the plateau increases to 58 %. 

iii) The developed and validated ANSYS model for vertically aligned SMA fibre predicts well the 

superelastic behaviour for inclined fibres. A decrease in upper plateau load of about 35 % and a delay 

in the start of transformation has been observed with increase in inclination angles. 
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Abstract  

Welding of aluminum alloys with austenitic stainless steel is considered one of the most complex phenomena 

and is specific to high precision industries such as: aerospace, rail, cars and marine structures, as inflexible 

tolerance are required during the assembly of various engineering components. Joining of such alloys through 

conventional fusion welding processes is a difficult task because of the metallurgical incompatibility. On the 

other hand, friction stir welding (FSW) with rotary tool of this two materials, has given rise to substantial 

scientific and industrial importance, as it has the capacity to manufacture products with good quality joints. 

This paper aims to highlight the benefits of the FSW process applied to this combination of materials. A 

particular attention is given to the microstructural evolution and microhardness in the transition areas between 

the austenitic stainless steel and the welding core.  

Keywords: Friction stir welding, dissimilar alloys, microstructure 

1. INTRODUCTION 

FSW is a solid state process that is capable of generating high quality reproducible welded joints of similar 

aluminum-based alloys [1,6] and dissimilar materials [2,5,6]. In case of this FSW process, a tool provided with 

a cylindrical shoulder and a profiled pin is rotated and plunged in the joint area of the two components of 

material delivered in the form of sheet metal or plate [1]. The heat developed as a result of friction between 

the active element and the components to be welded, gives rise to a concentric zone of material that softness 

without reaching the melting temperature. By moving the tool along the welding line, the plasticized material is 

transferred to the rear edge of the tool pin and is forged by the intimate contact with the tool shoulder and the 

pin profile. Upon cooling, a solid phase connection is created between the parts [1,2]. Compared to 

conventional fusion welding methods, the FSW process offers a number of advantages such as: low energy 

consumption, short welding time, low distortions and relatively low welding temperatures. The factors that 

define the quality of welded joints with rotating active element are: 

 Shape and dimension of the rotating active element; 

 Tool rotation speed; 

 Welding advancing speed; 

 Pressing force; 

 Nature and characteristics of the materials to be welded. 

The main potential applications of this process are the aircraft constructions, high speed trains manufacture 

welding of fuel tanks in the aerospace industry, automotive industry etc. [3,4]. The objective of this research is 
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to evaluate the performance of heterogeneous FSW joints between age-hardenable aluminum alloys and 

austenitic stainless steel with a low carbon content. The assessment of the quality of heterogeneous welded 

joints was made by metallographic investigations and microhardness measurements. 

2. EXPERIMENTAL PROGRAM 

The experimental works were conducted on a specialized friction welding machine with rotating active element. 

By preliminary test, the optimal welding regime was established, characterized by the parameters indicated in 

the Table 1. 

Table 1 Regime parameters of welding process 

Nr. 

crt. 

Material 

combination 

Materials thickness (mm) Welding 

speed 

(mm/min) 

Tool revolution 

(rot/min) 

Welding tool 

material Steel Al alloy 

1 Al 6082 - AISI 304 5 5 60  700 WC 

To prevent the aluminum alloy overheating, the tool pin was moved to the aluminum plate so that the stirring 

action of the pin was mainly directed towards this component. Vickers microhardness test and metallographic 

analyzes were performed on the welded joints using the optical microscope and the scanning electron 

microscope. 

3. DISCUSSION OF EXPERIMENTAL RESULTS 

3.1. Structural characteristics 

Figure 1 shows the macroscopic image of a cross section through the FSW joint of the two dissimilar metal 

alloys. Unlike the FSW of similar aluminum alloys [5,6], welds of dissimilar materials have several distinct 

areas, namely: (a) base metal-stainless steel, (b) heat affected zone (HAZ) in stainless steel at the weld 

advance side, (c) thermomechanically affected zone, (TMAZ) in stainless steel at the weld advance side, (d) 

weld nugget, (e) thermomechanically affected zone, (TMAZ) in aluminum alloy at the shrinkage of the weld, (f) 

heat affected zone (HAZ) in aluminum alloy at the shrinkage of the weld and (g) the base metal - Al alloy. 

 

Figure 1 Macrograph of a cross section through the FSW joint 

The optical micrographs of these regions from Figure 1 are shown in Figures 2 to 5. The stainless steel base 

metal has a microstructure consisting of austenite grains with a small proportion of ferrite δ and Cr23C6 complex 

carbides (Figure 2). The HAZ microstructure of the stainless steel in the advancing side is almost similar to 

that of the base metal, not thermomechanically affected (Figure 3). In the thermomechanically affected area 

of stainless steel, the presence of a certain proportion of phase σ is observed (Figures 4 and 5). Normally, 
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this chromium rich intermetallic compound, with pronounced hardness and fragility, occurs by applying thermal 

aging treatments to ferritic, austenitic and duplex stainless steels. Although its separation from austenite 

requires long periods of time [7], in the case of FSW processing, its formation will be accelerated by the 

transformation of the austenite into ferrite δ at high temperature reached during the process and the 

subsequent decomposition of ferrite underhigh speed plastic deformation and a recrystallization induced 

through agitation by friction. Figures 4 and 5 show that the precipitation of the σ phase takes places mostly 

on the boundaries of ferrite grains and on the interface between ferrite and austenite. The precipitation potential 

of the σ phase in regions rich in chromium (meaning in ferrite δ) was estimated to be approx. 100 times higher 

than in the austenite regions[7]. 

        

Figure 2 Microstructure of base metal stainless steel  Figure 3 Stainless steel HAZ microstructure 

 

Figure 4 Stainless steel microstructure in the thermomechanically affected zone 
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Figure 5 Stainless steel microstructure in the area of the interface with the weld nugget 

The weld nugget corresponds approximately to the location of the pin during welding and is a strongly deformed 

material in which thin strips mixed with softer material are observed (Figure 6). This was formed after mixing 

the Al alloy with stainless steel particles extracted from the surface of the stainless steel by the forging action 

that characterizes the joining process (Figures 6, 7). Therefore, the weld nugget has a structure composed of 

Al 6082 alloy reinforced with stainless steel particles. These particles have an irregular shape and an uneven 

distribution in the welding core (Figure 7). The Al alloy in the weld nugget consist of fine, equiaxial grains 

(Figure 6), obtained by recrystallization annealing of the strongly deformed material and which have a size of 

approx. 10-15 µm, much smaller than that of base material. 

 

Figure 6 Structural image of a section through welded joint 
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Figure 7 Weld nugget SEM microstructure  Figure 8 TMAZ SEM image of Al alloy 

The thermomechanically affected zone, TMAZ, adjacent to the weld nugget on the retreating side, is 

characterized by a rotation of up to 90° of the elongated grains of the Al based alloy (Figure 8). As a result of 

the deformation process, several concentric rings are formed, which have been named as „onion rings“ type 

structure (Figure 8). Between TMAZ and the unaffected base metal of aluminum alloy from the retreating side, 

a heat affected zone HAZ appears, characterized by lower temperaturesin which slight over aging phenomena 

are manifested. The base metal of Al alloy contains elongateddeformed grains and fine particles of intermetallic 

compounds (Figure 9). 

 

Figure 9 SEM micrograph of aluminum alloy 
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3.2. Microhardness tests 

 Experimental measurements showed that the weld nugget has an average hardness of approx. 110-120HV, 

which is lower than that of the austenitic stainless steel base metal (190-200HV). As a result of the uneven 

distribution of the stainless steel particles in the weld nugget, variable hardness values appeared, depending 

on the point where the measurement was performed. In TMAZ on the advancing side (Al 6082 alloy side) the 

hardness decreases slightly, to values of 90-100 HV, as a result of the dissolution of the secondary phase 

particles. This reduction in hardness is specific to HAZ of AL6082 alloy and is justified by the dissolution of all 

secondary phase precipitates. The slight decrease in the hardness values in HAZ of the stainless steel (180-

190 HV) in the advancing side, indicates that there is not a sufficiently high temperature during welding for 

microstructural changes to take place. However, an increase in hardness was observed in the upper weld area 

(230-235 HV), which could be attributed to the work hardening of the austenitic stainless steel. 

4. CONCLUSION 

The FSW technique is suitable for joining deformable aluminum alloys with austenitic stainless steels with a 

low carbon content. The microstructure of the FSW joints between the two dissimilar materials contains several 

characteristic areas determined by the temperature level, the degree of deformation reached and the time 

elapsed between the peak temperature and the thermal recrystallization threshold. The presence of stainless 

steel particles in the weld nugget justifies the variable values of its microhardness. In the upper part of 

thermomechanically affected zone of stainless steel an increase of the microhardness due to thework 

hardening effect is produced. The hardness value decreases slightly in TMAZ at the advancing side (Al 6082-

T6 alloy side). The minimum hardness appears in the HAZ of the Al 6082-T6alloy at a distance of approx. 6-

11 mm from the centre of the weld on the retraction side. 
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Abstract  

Shape memory alloy represents metallic material that can return to its original forms, shapes, or sizes when 

subjected to a process of memorization between two transformation phases. The basic application of these 

materials is always simple, i.e. where the material can be easily deformed by an external force and will recover 

its original forms when heated at a certain temperature. NiTi alloy is mainly characterized by its special 

properties, namely the shape memory effect and superelastic behavior, as well as the excellent corrosion 

resistance, high strength, low modulus of elasticity and biocompatibility. Due to its superelasticity, NiTi 

resembles to some human rigid tissues, including bones and tendons that enables its using in implants or tools 

for many medical cases in orthopedics, neurology, cardiology, interventional radiology, endodontics, etc. In 

this work, the effect of thermal treatment on physical-metallurgical properties of NiTi alloy was studied. Flat 

samples of NiTi alloy with a composition of 50.6 at% Ni and 49.4 at% Ti were solution treated at 850 °C and 

subsequently aged at 450 °C. The microstructures in as-received, solution treated or solution treated and aged 

stages were examined by means of optical or scanning electron microscopies. The analysis of the heat 

treatment effect on the microstructure and transformation temperatures was completed by Vickers 

microhardness measurement and by differential scanning calorimetry.  

Keywords: NiTi, solution treatment, aging, superelasticity, transformation temperature 

1. INTRODUCTION 

Shape memory alloys (SMAs) are a group of metallic alloys that can return to their original form (shape or size), 

depending on the temperature or magnetic field. These changes are associated with the transformation between 

a martensite and austenite phase, with the possible formation of a transient R-phase. The phase transformation 

can be induced thermally (by heating/cooling) in a certain temperature range or mechanically (by 

loading/unloading) in some temperature modes [1]. In nearly equiatomic NiTi alloys, phase transformation 

temperatures can change by up to 10 °C with a change in Ni content of 0.1 at% [2]. 

SMAs can exist in two different phases (martensite and austenite). The austenitic structure is stable at higher 

temperatures and the martensitic structure is stable at lower temperatures. When SMAs are heated, the 

martensite begins to transform into the austenitic phase. The austenite start temperature As (Austenite start) 

is the temperature at which this transformation begins, and the final austenite temperature Af (Austenite finish) 

is the temperature at which this transformation is completed. The austenite ↔ martensite transformation is 

also possible under a mechanical loading [3]. During cooling, the structure transforms back to martensite at 

the initial martensite start temperature Ms (Martensite start) and the conversion is completed when martensite 

finish temperature Mf (Martensite finish) is reached [4]. The highest temperature at which martensite can no 

longer be induced by the applied stress is called Md and above this temperature the SMA is permanently 

deformed as a common metallic material [5]. 
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Superelasticity refers to reversible inelastic deformation, in which a large part of the deformation recovers after 

unloading. For NiTi alloys, this phenomenon relies on the stress-induced formation of martensite from the 

parent austenite during loading and on the reverse martensite  austenite transformation during unloading in 

relation with the mobile interfaces between the austenitic and martensitic phases. 

Comparing human bone the high rigidity of metallic materials used in biomedicine often leads to stress 

shielding effect in the bone, which prolongs or interrupts healing time and can even lead to implant failure. Due 

to its superelasticity, NiTi alloy resembles to some human rigid tissues, including bones or tendons that enables 

its using in different medical fields. Indeed, the NiTi alloys used in producing medical implants, tools or devices, 

such as intravascular stents for cardiovascular surgery, plates or nails for healing fractures in traumatology, 

orthodontic wires or root tools for cleaning dental canals in dentistry, laparoscopy tweezers or implants for 

many medical cases in orthopedics, surgery, neurology, interventional radiology, etc. [6,7].  

To evaluate possibilities of functional properties optimization in following experimental research the study of 

heat treatment effect on the transformation temperatures, microstructure features and microhardness was 

carried out for NiTi samples in as-received, solution treated or solution treated and aged conditions. 

2. EXPERIMENTAL 

For the experiment, NiTi sheet of the required composition according to ASTM F 2063 (in the range of 54.5 to 

57.0 wt% Ni for formed products), purchased from Baoji Hanz Material Technology Co., Ltd., (China) was 

used. A thickness of the sheet was 3.5 mm, and the transformation temperature Af was certified by supplier for 

15 °C. A set of 17 flat samples were prepared for further experiments (Table 1). The composition of the alloy 

was certified by the sheet supplier in the ranges: Ni 55.4-56.2 wt%, C ≤ 0.07 wt%, H ≤ 0.005 wt%, O ≤ 0.050 

wt%, N ≤ 0.05 wt%. 

Table 1 List of samples 

Experimental work  Stage of treatment Number of samples 

Microstructure and microhardness analysis 

AR 
2x upper surface  

 2x transversal section 

ST 2 

ST+A 2 

DSC 

AR 3 

ST 3 

ST+A 3 
Note: AR -as-received; ST - solution treated; ST+A - solution treated + aged 

Two samples were submitted to the solid solution treatment at 850 °C under flowing argon in a Linn HT1800 

high temperature apparatus. Water quenching was applied to ensure retaining the structure existing at the 

annealing temperature. After quenching, one sample was aged at 450 °C and then quenched again in the 

water. The procedure of the heat treatment is shown on the schematic in Figure 1. 

Before examining the microstructure, the samples were grinded and polished using a LaboPol-5 grinding 

machine. Abrasive papers of grain sizes up to P2500 were used before polishing on a linen cloth and a 

suspension of Al2O3 with a particle size of 1; 0.3 and 0.05 μm. Afterwards, the samples were etched in the 

solution composed of 3 ml HF (38-40 %), 5 ml HNO3 (65 %) and 3 ml CH3COOH for 2-3 seconds. The 

microstructure of the samples was studied using an OLYMPUS GX51 inverted metallographic microscope 

equipped with an OLYMPUS DP12 digital camera. The phase composition was also observed and analyzed 

using a JEOL JSM-6490LV scanning electron microscope. 
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Figure 1 Schematic illustration of thermal treatment 

The laboratory system Setaram SENSYS Evo TG/DSC equipped with highly sensitive 3D differential scanning 

calorimetry (DSC) sensors was used for determine the transformation temperatures of the samples and 

evaluate the heat treatment effect on the transformation temperatures. The DSC analysis was performed on 

the samples in as-received and heat treated stages placed in a corundum crucible under He gas (purity of 6N). 

From the temperature of 20 °C, the sample was cooled at a rate of 5 °C/min to -105 °C, and then tempered at 

this temperature for 5 min. Subsequently, the sample was heated at a rate of 5 °C/min from -105 °C up to a 

temperature of 60 °C, and then tempered at this temperature for 5 minutes. 

The effect of the solution treatment and aging on the change in microhardness was investigated using an 

automatic microhardness tester FUTURE-TECH FM-100 with a control unit FM-ARS900. The measurement 

of HV values was performed with load of 100 g for 10 s.     

3. RESULTS AND DISCUSSION 

3.1. Chemical and microstructural analysis 

The chemical composition of NiTi sheet in as-received stage measured by spectroscopic analysis revealed an 

average content of 55.9 wt% Ni and 0.03 wt% Fe. The SEM EDX analysis confirmed the content of 54.9 wt% 

Ni in the matrix and 57.1 wt% Ni in very fine Ni4Ti3 particles of a lenticular shape. In the structure of the alloy 

the oxides based on Ti-Ni-O were detected. In heat treated conditions no other phases besides the matrix and 

oxides were analyzed. 

The microstructure in the as-received stages presented in Figure 2 a). The transversal section of the sheet 

shows martensitic needles oriented in different directions, as well as clusters of these needles. There was also 

a band of needles observed in the etched structure, which propagated over the entire cross section of the 

sample. The occurrence of the needles band can be related with the NiTi sheet processing. 

Figure 2 b) shows the microstructure of the transversal section of the sheet in the solution treated condition. 

Martensitic needles appeared in the structure and grains with the size up to 100 μm were also revealed. 

Martensitic needles appear in the center of the sample, while grains and a small number of needles are visible 

at the edges. Furthermore, there are oxide particles observed in the structure, which are arranged into the 

lines. 

Figure 2 c) shows the microstructure of the transversal section of the sheet after the solution and subsequent 

aging treatment. By etching the surface, the grain boundaries were well highlighted and the grain size reached 

of about 20-60 μm. After aging, Ni4Ti3 phases of lenticular shape should appear, however the fine particles were 

not detected even by high magnification of SEM observation. However, longitudinal particles present in the 

microstructure analyzed by the SEM EDX analysis as oxide phases remained aligned. 
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Figure 2 Microstructure of the sample in the a) as-received state, b) after solution treatment, c) after solution 

treatment and aging 

3.2. Differential scanning calorimetry 

 

Figure 3 DSC curve at 5 °C/min of cooling rate or the as-received stage 

Figure 3 shows the DSC curve of the sample in the as-received stage after the cooling. From the curve it is 

possible to identify the temperature interval when the R phase appeared and the temperature interval for the 

formation of martensite. It is obvious that Ms temperature is shifted to higher value and the existence interval 

of martensite phase is enlarged for both heat treated samples, as seen in the next tables. Using analysis at 
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heating, the transformation Af temperature was determined as 46 °C for the sheet in the as-received stage 

(Table 2) unlike Af temperature of 15 °C guaranteed by the supplier. Transformation temperatures measured 

after the thermal treatment were subsequently affected. After the solid solution treatment, the Af temperature 

of the sheet dropped to 38 °C (Table 3). Conversely, aging increased the Af temperature to the value of 47 °C 

(Table 4). The existence of R phase was detected only for the as-received stage (analysis at cooling) and the 

solution treated and aged condition (analysis at cooling and heating). The Rs and Rf temperatures are 

influenced by heat treatment similarly as for Ms and Mf. The changes in the values and intervals of 

transformation temperatures reflect processing technologies as well as heat treatment processes.  

Table 2 Transformation temperatures (°C) of the sample in the as-received stage 

 
Ms Mf Rs Rf As Af 

Cooling -11 -22 6 -3 - - 

Heating - - - - 8 46 

Table 3 Transformation temperatures (in °C) of the sample after the solution treatment 
 

Ms Mf Rs Rf As Af 

Cooling -3 -27 - - - - 

Heating - - - - 6 38 

Table 4 Transformation temperatures (in °C) of the sample after the solution and aging treatment 

 
Ms Mf Rs Rf As Af 

Cooling -6 -32 35 20 - - 

Heating - - 9 28 40 47 

3.3. Microhardness measurement 

The highest microhardness HV0.1 values were measured for the samples in the as-received stage. In contrast, 

the samples after solution treatment reached the lowest microhardness, as seen in Table 5. The high values 

for the as-received samples are related probably with forming during sheet metal processing. The decrease in 

microhardness after annealing is due to the phase transformation from martensitic to austenitic phase. 
Furthermore, the decrease is also related to the elimination of internal stress caused by the sheet processing. 

Slightly increasing in the average microhardness value for the aged sample can be related to R phase. 

Table 5 Average Vickers microhardness values HV0.1 for the samples  

             in different heat treatment conditions 

Sample HV0.1 

As received - transversal section 273 ± 16 

As received - upper surface 269 ± 12 

Solution treated - transversal section 245 ± 16 

Solution treated + aged - transversal section 248 ± 17 

4. CONCLUSION 

The metallographic analysis of the flat samples obtained of the sheet revealed the presence of martensitic 

needles and oxide particles in the microstructure for various heat treatment conditions. In some cases, the 

bands associated with the accumulation of deformation energy during sheet processing were also observed. 
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The results of the DSC analysis showed differences of the transformation temperatures indicated by the 

supplier. However, the heat treatment shifted the transformation temperatures. After the solution annealing, Af 

temperature was the lowest. On the contrary, the subsequent aging led to the highest Af  temperature. The 

changes in the values and intervals of all transformation temperatures were affected by processing 

technologies as well as heat treatment processes. 

The highest values of the HV0.1 microhardness corresponded to the as-received stage of the sheet. The heat 

treatment led into the decrease of the microhardness values. 
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Abstract  

In the recent years it has been a tremendous interest in the complex concentrated alloys (CCAs), due to their 

novelty introduced by the multiple principal elements concept. As a new generation of structural materials, 

CCAs have the potential for a promising range of properties. CCAs consist of a mixture of four or more 

elements in high proportion, provided by a wide compositional space. The high mixing entropy of CCAs 

generates structures containing complex solid solution and well dispersed intermetallic phases. Many CCA 

systems cover a wide range of mechanical and physical properties, like strength, toughness, stiffness and 

oxidation resistance. The present work analyses the AlCuSiZnMg alloy system, which presents a significant 

potential in applications with intensively corrosive work conditions. Thermodynamic and kinetic criteria were 

calculated for the multicomponent alloy system, to obtain the most appropriate proportion for each element. In 

addition, MatCalc simulating program was used to model the growth of the precipitated phases during 

solidification processes. This optimisation of the rapid solidification process was accomplished to obtain the 

best structural particularities needed for the required properties. The selected alloy was prepared by induction 

melting process and rapid solidified by melt spinning technique. The resulted samples were analysed by 

physical-chemical and microstructural techniques and the empirical results were compared to the modelling 

findings to correlate the obtained properties and to estimate the final performances of the alloy.  

Keywords: Complex concentrated alloys, ribbons, modelling, melt-spinning 

1. INTRODUCTION 

Complex concentrated alloys (CCAs) are a new family of materials, preponderantly based on solid solution 

structures, that possess a vastly spectrum of properties, including corrosion resistance or improved toughness.  

The obtaining process of CCAs is more complex compared with traditional alloys, because of the large number 

of possible combination elements that are mixed together [1]. The multicomponent character of CCAs and the 

main core effects influence the microstructure and the potential of supporting improved mechanical properties 

at high temperatures [2]. The properties of the CCAs depend of each element characteristics and their 

concentration, so that by modifying the composition, the properties and structural particularities of the alloy are 

significantly different from the initial one [3]. 

The flexibility in choosing the alloy composition from a multitude of elements determines the properties of the 

selected CCA. Increasing or decreasing the proportion of each element can have a significant influence on the 

alloy microstructure and applications. To have a good corrosion resistance, CCAs have in their composition 

high contents of chromium, aluminum, molybdenum, titanium and other passivation elements [4].  
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To obtain complex concentrated alloys with more refined and homogeneous structures is used an 

unconventional technique, called rapid solidification, using the melt - spinning process. The particularity of this 

technology is the formation of amorphous alloys [5] in the form of ribbons, as a result of the almost 

instantaneously cooling of the alloy that reaches to 106 K/s [6-11]. The process also leads to the formation of 

non-equilibrium phases, such as supersaturated solid solutions, that are considered important characteristics 

of CCAs [12].    

The aim of this study is to obtain CCAs with advanced properties that have applicability in special conditions, 

such as intensive corrosive environments. In this context, a rigorous selection process was applied to identify 

the most suitable chemical composition and proportion of the used elements.  By applying thermodynamic and 

kinetic models and MatCalc computer simulations it was determined an optimal composition of the alloys [2]. 

These processes are followed by elaboration phase that is performed using the melt - spinning equipment, on 

different rotation rates, between 500 and 1500 rpm. The obtained alloys are chemically, physically and 

structurally characterized and the empirical results were linked with the potential and future development 

trends [13,14]. 

2. METHODS 

Modelling and experimental results were compared in this paper. The MatCalc Pro edition software, version 

6.02, was used to determinate the multi-phase precipitation kinetics of the alloy. Thermodynamic and kinetic 

databases Me-AL 2019 were used for calculations.  

The alloy Al5Cu0.5Si0.2Zn1.5Mg0.2 was obtained by melting in an induction furnace Linn MFG-300, under 

controlled atmosphere and cast in a copper mould. The properties of the selected elements were studied to 

determine the required concentration. The order in which the metals were placed in the furnace was influenced 

by their melting temperature and reactivity. The alloy ribbons were obtained by melt - spinning technique. 

Different rotation rates were performed to determine the influence on the final structure. The as-cast and melt-

spun samples were analysed by specific chemical and structural characterisation methods.  

In order to determine the chemical composition, an inductively coupled plasma spectrometry (ICP-OES) 

method was applied, using an Agilent 725 spectrometer. The alloy microstructure was investigated by optical 

analyses with a Zeiss Axio Scope A1m Imager microscope and by scanning electron microscopy (SEM) 

method, using a FEI Quanta 3D FEG microscope. To determine the phase configuration, the X-ray 

diffractometry (XRD) analysis was performed. Data acquisition was accomplished on the BRUKER D8 

ADVANCE diffractometer with the help of DIFFRACplus XRD software, version 2018.  

3. EXPERIMENTAL PROCEDURES 

3.1. Kinetics simulation 

The multi-phase precipitation kinetics of the alloy was determined using MatCalc Pro edition, version 6.02. The 

simulation results display the structural behaviour during the melt-spinning process (Figure 1). In Figure 1a is 

shown the fast-cooling rate. The variation of the precipitated phase fraction with time is presented in Figure 1b 

and it can be seen that MG2SI forms first and has the higher proportion in the material. The simulation does 

not show a comparable phase fraction for THETA_Al2Cu and LC14_Zn2Mgand indicates a significantly lower 

composition. The volume of precipitates increases with time until 0.8 s and then remains constant (Figure 1c). 

In Figure 1d it can be observed that the tendency of the precipitate mean radius is to increase rapidly and 

then decrease after 0.5 s, becoming stable at the end of the cycle. 
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Figure 1 Precipitation kinetics in Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy during rapid solidification: a. rapid solidification 
diagram, b. precipitate phase fraction versus time, c. precipitate number density versus time, d. precipitate 

mean radius versus time 

4. EXPERIMENTAL RESULTS  

The chemical composition of the alloy is observed in Table 1. Most elements, except aluminium, had an 
experimental composition in a maximum range of 2 wt% compared with the nominal values. Because the 
elements are found in a high percentage, such a variation does not significantly affect the structural behaviour 
of the alloy. 

Table 1 Chemical composition of the Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy (wt%) 

Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy Al Cu Si Zn Mg 

Nominal composition 49 11.54 2.05 36.64 1.77 

Experimental composition 43.86 11.39 2.02 38.66 2.02 

The as-cast alloy and ribbons were studied to analyze the structural composition of the material (Figure 2). 
From the study performed on the as-cast alloy it can be observed that besides the three constituent dendritic 
phases there are also interdendritic phases of a Chinese script morphology eutectic and of a punctiform and 
lamellar eutectic (Figure 2a). The ribbon obtained on a rotation speed of the 500 rpm had three phases, one 
of which is dendritic and one eutectic developed in the interdendritic space (Figure 2b). But in the case of the 
ribbons obtained on a rotation speed of the 1000 rpm and 1500 rpm, no other phases than the dendritic ones 
were identified (Figures 2c and d). All the microstructures were recorded at the largest magnification of the 
microscope, but even so, in Figure 2d the width of the ribbon can be seen. 

The as-cast and ribbons alloys were analyzed using scanning electric microscopy (Figure 3). The alloy was 
characterized by a finer dendritic structure in the marginal area, compared to the central area where the 
dendritic structure is coarser. There were observe two main phases, a dendritic phase containing mostly Al 
and Zn, and a second main phase, interdendritically located, containing mostly Cu and Al. The ribbons in 
Figures 3c and d had a single phase, while in the case of the ribbons obtained on a rotation speed of 500 rpm 
(Figure 3b) were identified other compounds and an eutectic developed in the interdendritic space. 
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Figure 2 Microstructures for Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy: a. as-cast alloy, b. ribbon obtained at a rotation 

speed of 500 rpm, c. ribbon obtained at a rotation speed of 1000 rpm, d. ribbon obtained at a rotation speed 

of 1500 rpm 

 

Figure 3 SEM image for 

Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy: 

  

a. as-cast alloy, 

b. ribbon obtained at a 

rotation speed of 500 rpm, 

c. ribbon obtained at a 

rotation speed of the 1000 

rpm, 

d. ribbon obtained at a 

rotation speed of 1500 rpm 
 

 

By optical analysis and scanning electron microscopy analysis was observed the tendency of the ribbons to 

form finer dendritic structures with the increasing of the solidification rate. The ribbons obtained at the rotation 
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speed of 1500 rpm had the finest and most homogeneous structure, which could also be observed by EDS 

analysis (Figure 4). 

 

Figure 4 EDS mapping of ribbon obtained at the rotation speed of 1500 rpm of the Al5Cu0.5Si0.2Zn1.5Mg0.2 

alloy 

DRX analysis of the ribbons obtained at the rotation speed of 1500 rpm was presented in Figure 5. According 

to the experimental results, two new phases (Al4.3Cu3.2Zn0.7 and Mg8Cu2Al4Si7) appear in the ribbon structure, 

which were not identified in the modelling process. However, the Mg2Si phase was identified in the modelling 

results but it was not detected in the XRD reports. Modelling is a method by which one can approximate the 

constituent phases that can be formed during the alloy solidification, so it is possible to have certain 

discrepancies between the empirical results and the simulated ones. Non-equilibrium structures, which can be 

obtained in practice through regular casting, are different in reality from the structures calculated by semi-ideal 

algorithms, based on conventional diffusion databases.  

 

Figure 5 Graphic presentation of the qualitative phase analysis by DRX for a ribbon obtained at a rotation 

speed of 1500 rpm of the Al5Cu0.5Si0.2Zn1.5Mg0.2 alloy 

CONCLUSION 

In the research paper, the alloy Al5Cu0.5Si0.2Zn1.5Mg0.2 was studied by analyzing the cast samples obtained by 
rapid solidification process. Using the MatCalc Pro edition program to simulate the rapid solidification of the 
CCA it was observed that the precipitated phases are: A1_FCC, Mg2Si, Zn2Mg, Al2Cu. Analyzing their evolution 
in time, it was observed that the Mg2Si phase has higher proportion and is the most stable. The alloy ribbons 
obtained at different rotation rates of the support disk have different characteristics in terms of structural 
homogeneity and the size of the grains formed. The ribbons obtained at 1500 rpm do not contain visible 
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eutectic formations. Also, the size of the ribbons varied significantly between the samples obtained at 500 rpm, 
1000 rpm and 1500 rpm. The structure of the ribbons contained different phases compared with those obtained 
in the simulation through the MatCalc program. Therefore, the phases Al4.3Cu3.2Zn0.7 and Mg8Cu2Al4Si7 were 
not predicted by the modelling software but were found in the solidified specimen.  
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Abstract 

Copper-silver alloys are preferred alloys when it is desired to maintain the electrical conductivity and 

mechanical strength values at room temperature, at high temperatures, and where it is necessary to have 

higher creep strength and softening temperature than ordinary copper alloys. In this study, the effect of 

phosphorus content and cold deformation ratio were investigated on the mechanical properties and electrical 

conductivity of a copper-silver alloy which is called CuAg0.1 (CW016A). Microstructure of the alloys were 

examined by light optic microscope (LOM) and scanning electron microscopy (SEM). When the phosphorus 

content of the alloy exceeded the limit value given in the standards, the electrical conductivity value decreased 

below the standard value, while the hardness increased.  

Keywords: Copper silver alloy, hot forging, cold forging, microstructure 

1.  INTRODUCTION  

Copper-silver alloys are preferred alloys when it is required to maintain the electrical conductivity and 
mechanical strength values at room temperature or at high temperatures, and where the creep strength and 
softening temperature are required to be higher than ordinary copper alloys. Electrolytic refined copper, 
oxygen-free and deoxidized copper can be produced with silver additions up to 0.12 wt%. The addition of silver 
is to increase the resistance to softening without significantly affecting the electrical conductivity [1]. Low levels 
of phosphorus additions (~0-1 wt%) do not change the deformation structure or texture of pure copper. 
CuAg0.1P is a silver-containing, deoxidized pure copper with a low phosphorus content. Its electrical 
conductivity is comparable to Cu-ETP. Unlike other pure copper types, this alloy has a higher recrystallization 
temperature and better creep behaviour [2,3]. The addition of 0.08-0.12 wt% silver provides very good creep 
resistance and it is suitable for use in high tensile rotor winding strips and car wires. The electrical conductivity 
of these alloys is 100 % IACS. These alloys are included with different codes in standards such as EN, DIN, 
ASTM. Their minimum electrical conductivity is 98.3 % IACS [4]. CuAg0.1P has a high deformation rate and 
very good cold formability [5]. CuAgP alloys are also used in continuous casting moulds [6]. 

In this paper, CW016A alloy which is one of the most widely used copper silver alloys, was studied. The highest 
phosphorus content allowed in the standards in this alloy is 0.007 wt%. However, under production conditions, 
the phosphorus content of the alloy may exceed the upper limit values and affect the properties of the alloy. 
Therefore, in this study, the effects of phosphorus content on hardness and electrical conductivity were 
investigated by adding 0.007 wt% P and higher concentration 0.015 wt% P, to CuAg0.1 alloy. 

2.  EXPERIMENTAL PROCEDURE  

2.1.  Materials 

CuAg0.1P (CW016A) alloy was prepared in an induction furnace open to atmosphere with a capacity of 15 kg. 
Pure copper was melted and pure silver and phosphorus were added in desired proportions and then poured 
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into a permanent mould. After casting, its chemical composition was determined with a Hitachi Inspire the Next 
brand spectral analyzer (Table 1). Casting temperature was in the range of 1000-1200 °C. Lithium (0.1 wt%) 
was added to the melt in order to control oxygen content of the alloys and a special carbon-based flux was 
used as a slag remover. Phosphorus ratios were chosen as the upper limit value given in EN 13601 (0.007 
wt%) and twice this value (0.0151 wt%). 

Table 1 Chemical composition of CuAg0.1 alloys (wt%) 

 Cu Ag  P 

1 99.873 0.092 <0.002 

2 99.858 0.0926 0.0074 

3 99.844 0.0929 0.0151 

2.2. Cold deformation 

After melting and casting, the surfaces of the ingots were turned and 75 mm diameter ingots were obtained. 

The diameters of the ingots were reduced by 15 % in the temperature range of 900 - 1000 °C by hot forming. 

Then, the hot forged samples were cold deformed at the rates of 10 % and 70 %. The dimensions of the 

materials and applied cold deformation rates are given in Table 2. 

Table 2 Dimensions of CuAg0.1 alloys and applied cold deformation rates 

Dimension after hot forming (mm) Deformation rate (%) Thickness after cold forging (mm) 

Φ64 x 20 10 18 

Φ64 x 33 70 10 

2.3.  Characterization  

After cold deformation, the microstructure of all three alloys was examined using Nikon Eclipse MA100 light 

microscope and SEM-EDX analyzes were performed. Electrical conductivity values and then Vickers 

microhardness values were measured. 

3. EXPERIMENTAL RESULTS  

3.1.  Optical Microscope Images 

The microstructure images of 10 % and 70 % cold deformed CuAg0.1 alloy and CuAg0,1 alloys with 0.007 

wt% and 0.015 wt% phosphorus added are given below (Figure 1 and Figure 2). 
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Figure 1 Microstructure of 10 % cold deformed CuAg0.1 alloys a) 0 wt% P, b) 0.007 wt% P, c) 0.015 wt% P 

 

Figure 2 Microstructures of 70 % cold deformed CuAg0.1 alloys a) 0 wt% P, b) 0.007 wt% P, c) 0.015 wt% P 

The microstructures of CuAg0.1P alloys were compared after 10 % and 70 % cold deformation. The images 

show that the grains are still distinguishable in 10 % deformed samples and slightly elongate in the direction 

of deformation. At higher cold deformation rate the grains were more elongated as expected. On the other 

hand, it was observed that phosphorus addition to the alloys did not affect significantly cold deformation 

structure and cold deformability.   

3.2.  SEM-EDS analysis 

SEM images and EDS analysis results of 10 % and 70 % cold deformed CuAg0.1 and CuAg0.1P0.015 alloys 

are given below (Figure 3 and Table 3).  
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Figure 3 SEM images of 70 % cold-deformed CuAg0.1 alloys a) 0 w% P, b) 0.015 wt% P 

Table 3 EDS analysis results (wt%) 

Alloy Region Cu Ag P 

CuAg0.1 
1 99.51 0.49 - 

2 99.79 0.21 - 

CuAg0.1P0.015 
3 99.34 0.44 0.22 

4 99.36 0.28 0.36 

SEM images shows that CuAg0.1 alloy has small amount of eutectic structure marked with 1 in Figure 3a.  

EDS analysis in CuAg0.1 alloy was taken from two regions of 1 (eutectic structure) and 2 (matrix).  Ag content 

of the region of 1 is higher than that of the matrix (region 2). The same microstructure and EDS analyses were 

observed for CuAg0.1P0.015 except higher P content and higher ratio of eutectic phases. Most likely, some 

Cu-P eutectic phases or Cu-Ag-P ternary phases may also be present in the structure. 

It is possible to conclude that phosphorus forms a hard phase in the matrix by adhering to copper and increases 

the hardness. When Cu-P phase diagrams are examined, it is thought that it is a strong hardener due to the 

formation of Cu3P composition, which forms a ternary eutectoid with phosphorus, hard and α and δ phases 

[7]. 

3.3.  Hardness and electrical conductivity 

The electrical conductivity and hardness values of the cold forged samples at two different rates are given in 

Table 4. The hardness graph according to the cold deformation rate is shown in Figure 4 and the electrical 

conductivity graph is shown in Figure 5. 

Table 4 Electrical conductivity and hardness of CuAg0.1-P alloys 

Alloy Cold deformation rate (%) Electrical conductivity (μS/m) Hardness (HV) (1000-gf) 

Cu-0.1 wt% Ag 
10 57.6 78 

70 55.8 106.3 

Cu-0.1 wt% Ag -0.007 wt% P 
10 52.1 80.6 

70 55.6 113.7 

Cu-0.1 wt% Ag -0.015 wt% P 
10 50 96 

70 51 120.1 
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The experimental results show that the hardness values of the 10 % and 70 % cold deformation applied 

CuAg0.1 and CuAg0.1P alloys increased depending on the deformation rate, and the conductivity values 

decreased slightly, as expected. According to Table 4, the highest hardness value was obtained for 

CuAg0.1P0.015 alloy (120.1 HV). while its conductivity value was the lowest. In the TS EN 13601 Copper and 

Copper Alloys standard, it is stated that the conductivity value of CuAg0.1P alloy should be above 56 μS/m 

and its hardness value should be between 90-115 HV. Accordingly, the hardness and conductivity values of 

the alloy containing 0.007 wt% P, which is the upper limit value given in the standard, were obtained in 

accordance with the standard (Table 4). However, it was determined that the hardness increased (120 HV) 

and the electrical conductivity decreased (from 55.2 μS/m to 50 μS/m) slightly when the phosphorus ratio was 

increased to 0.015 wt% which is above the limit value given in the standard. The results showed that the 

phosphorus ratio should be carefully controlled in the production of these alloys conforming to the standard. It 

has been evaluated that a slightly higher amount of phosphorus 0.015 wt% may give good results for 

applications where hardness is more important and conductivity is less significant. On the other hand, the 

amount of phosphorus exceeding the standard value did not significantly affect the cold forgeability of the 

alloys. There was no cracking or defect occurred in the samples even after 70 % cold forging. 

4.  CONCLUSION  

The effects of phosphorus addition to the CuAg0.1 alloy at varying rates can be summarized as follows: 

1) When phosphorus 0.007 wt% was added to the alloy at the upper limit value given in the EN 13601 

standard, hardness and electrical conductivity in accordance with the standard were obtained. 

2) When the phosphorus ratio increased to 0.015 wt%, the hardness increased, while the conductivity 

decreased and exceeded the standard values. Accordingly, the upper limit value of the P amount should 

be carefully controlled in the production of CuAg0.1P alloy. 

3) It has been observed that the increase of the phosphorus ratio above the standard value does not affect 

the cold forgeability. 
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Abstract 

Amorphous alloys have attracted considerable attention as new structural materials due to their excellent 

mechanical properties, high wear and corrosion resistance, magnetic properties, and electrical resistivity. 

However, most of them become brittle by crystallization, structural relaxation, or by separating intermetallic 

phases during heating. That is why the traditional methods of melt welding based on the introduction of a large 

amount of heat and the production of intermetallic phases on the interface between the seam and the thermally 

influenced area are not suitable for joining these materials. Such welding methods can lead to the destruction 

of the amorphous structure and to the worsening of the useful properties of the welded joints. 

In this paper, a new method of joining amorphous alloys is investigated based on the modification of the 

welding energy for different values of the capacity of the capacitor, keeping constant the pressing force and 

the transformation ratio. The examination of the quality of the welded joints was done by macro graphic 

analyzes, mechanical tests, and calorimetry with differential scanning. (Differential Scanning Calorimeter) 

Keywords: Amorphous alloy, welding, microstructure            

1. INTRODUCTION 

Welding of thin sheets and foils with a thickness s <0.5 mm, is a difficult problem, mainly due to the high danger 

of burning and penetration of the material, but also the high tendency of deformation due to low rigidity [1]. 

Therefore, the welding of these materials requires rigorous control of the energy in the form of heat introduced 

into the welded joint, respectively the rapid dissipation of heat from the joint area by welding in the device, a 

measure that simultaneously helps to control deformations. 

The problem is even more difficult when it comes to welding films made of amorphous materials, due to their 

specific electrical properties, as well as the very small thicknesses - the order of microns that these materials 

generally have. In addition, the literature contains extremely little data on the technique of welding metallic 

materials with amorphous structures [2-5]. 

The paper presents the results of experimental research on spot welding with energy stored in capacitors of 

foils from an amorphous material having a thickness of 50 μm (0.05 mm). 

2. THE EXPERIMENTAL PROGRAM 

Figure 1 shows the welding machine used to conduct the experimental program. It consists of the following 

components: the frame, the welding transformer, the external circuit, the mobile arm drive system, the 

capacitor bank, the electrical installation of the welding circuit, and the control circuit. 
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Figure 1 Welding machine with energy stored in capacitors 

The main technical characteristics of the equipment are: 

 supply voltage: 230V, at 50Hz; 

 maximum charging voltage of the capacitor bank: 500V; 

 maximum energy accumulated in the capacitor bank: 1.25 kJ (at a total capacity of 10000 μF); 

 own battery capacity: 4000 μF, plus 6000 μF auxiliary battery capacity, adjustable according to 

technological needs; 

 maximum pressing force (tightening) of the electrodes: 600 N; 

 mobile electrode stroke: 100 mm; 

 mobile electrode actuation mode: pneumatic at Pmax = 0.8 MPa. 

The charging voltage of the capacitor bank is adjusted in 6 steps by changing the number of turns in the 

transformer mayor. The capacity of the capacitor bank can be adjusted by parallelizing capacitors of different 

capacities. The clamping force of the electrodes is regulated by means of the pressure regulator in the FRU 

group, by changing the pressure of the compressed air. The transformation ratio of the welding transformer is 

adjusted by connecting in series or in parallel the turns of the primary winding in the following ratios: 150 - 125 

- 100 - 75 - 50 - 25. 

The experimental researches mainly focused on two aspects, on the one hand obtaining qualitatively 

acceptable welded points, without defects such as piercing the material or gluing it to the electrodes affecting 

the surface (aesthetics) of the welded point, and on the other hand, ensuring the resistance of the welded point 

to the mechanical tests to which it is to be subjected (traction, shear, etc.). 

This was achieved by successively modifying the welding energy E, for different values of the capacitance 

capacity respectively of the charging voltage, keeping the pressing force and the transformation ratio constant. 

If the welding energy is too low, only a superficial gluing of the components takes place, without mechanical 

resistance, and if the energy is too high, the components break through, and the foils are glued to the copper 

electrodes. 

The technological welding parameters that gave the best results are: 

 charging voltage: 300 V; 

 capacitor capacity: 40 μF; 

 pressing force: 0.5 kN; 
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 compressed air pressure: 0.4 MPa; 

 welding energy: 1.8 J. 

3. EVALUATION OF EXPERIMENTAL RESULTS 

The external appearance of the welded points is presented in Figure 2. There is a good reproducibility of the 

welded points, with barely perceptible fingerprints, without affecting the surface of the foils, which attests to a 

good dosage of the energy introduced during welding. 

The paper must contain conclusion. The conclusion should summarize the findings and explain the implications 

of the paper. Conclusion contains no new data or findings. 

 

Figure 2 Exterior appearance of the welded spots 

The macro graphic image of a cross-section through the welded joint (Figure 3) demonstrates that in the area 

of the welded kernel there are no defects of metallic continuity. 

 

Figure 3 The macro graphic of the welded joint 
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The assessment of the mechanical strength of the welded joints was made by static traction tests and 

unbutoning of the welded points. Figure 4 exemplifies a traction curve, and Figure 5 shows the result of a 

debugging attempt. As expected, the breaking strength of the welded kernel is high, Rm = 422 MPa, but the 

plasticity reserve is low. In the case of debuting tests, the condition for accepting the welds is that the welded 

kernel is torn from a component without detaching it. From Figure 4 it can be seen that the rupture of the 

material occurred around the welded point, which attests to a good quality of the joints made. 

 
Figure 4 The stress - strain curve 

 

Figure 5 The appearance of rupture by unbutoning 

To investigate the influence of the welding process on the maintainers of a high degree of amorphization of 

the welding core, DSC analyzes were performed on both the base material (cast foil) and the welded joint. The 

NETZSCH STA Jupiter 449F1 instrument and the following working parameters were used for the experiments: 

 base metal sample mass: 8 mg; 

 welded joint test mass: 8 mg; 

 heating speed Vi: 20 K/min; 

 crucibles: Al2O3; 

 atmosphere: N2 purge: 50 ml/min; purge protection: 20 ml/min. 

The DSC curves recorded for these experimental conditions are shown in Figure 6, and the results obtained 

look like this: 
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 For the base metal in the cast state: Tg = 465 °C; Tx = 485 °C; ΔH = 19.16 J/g (enthalpy of crystallization); 

 For the welded joint: Tg = 465 °C; Tx = 485 °C; ΔH = 15.09 J/g (crystallization enthalpy). 

It can be concluded that in the welded joint the amorphous structure is preserved, as appears or a slight 

increase of the glass transition temperature and a slight decrease of the crystallization enthalpy, because of a 

beginning of structural relaxation. 

 

Figure 6 DSC curves for base material (1) and for welding spot (2) 

4. CONCLUSION 

Welding of thin sheets of foil type involves the use of welding processes that allow a very precise control of 

the energy introduced into the components to avoid burning the material with its penetration. 

Welding with energy stored in capacitors is an ideal process for pressure welding of foils precisely due to the 

very precise dosing of the energy and the possibilities of regulation in very wide and at the same time easy 

limits. 

Welding of amorphous foils presents an additional difficulty due to the specific properties and mainly the high 

electrical resistivity. 

Experimental research, analysis and tests confirm the possibility of successful welding of amorphous foils from 

Ni68Fe3Cr7Si8B14 with a thickness of 50 μm using spot welding with energy stored in capacitors. 
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Abstract 

Hydrogen in aluminum alloys is generally considered to be a predominantly adverse gas. It affects cleanliness, 

porosity and other mechanical and foundry properties. Therefore is an effort to eliminate this gas as much as 

possible. This study will focus on comparing the efficiency of commonly available refinery gases, namely 

nitrogen and argon. For the purpose of the research, one specific shape of the impeller or refining head will be 

chosen. The comparison of degassing efficiency will be evaluated using known tests that are commonly 

available in every non-ferrous metal foundry with a focus on aluminum alloys. The evaluation will be 

demonstrated by the Density Index, a comparison of the microstructures and a test to assess the amount of 

inclusions in the alloy called Drosstes. 

Keywords: Degassing, aluminum, density index, microstructures, Drosstest 

1. INTRODUCTION 

It is a well-known fact that the only gas that is able to dissolve in aluminum alloys is hydrogen, and this has 

been confirmed by several authors [1,2]. Hydrogen in aluminum and its alloys forms the so-called porosity, 

which is unfavourable in almost all cases. It results in a decrease in mechanical properties [3, 4]. In order to 

reduce the porosity or hydrogen content, it is necessary to use one of the refining methods. For example, one 

study [5] applies ultrasonic vibration with a combination of argon blowing. However, according to another 

sources [6-8] the most used degassing methods are rotor devices, which reduce the hydrogen content to the 

desired values within a few minutes. The principle of the machine consists in blowing an inert gas into the 

molten alloy bath. The incurred gas bubbles are broken into very small bubbles by the high speed of the rotor, 

which float to the surface of the melt. Due to the flotation and the slow ascent speed to the surface, hydrogen 

diffuses into the bubbles with zero hydrogen partial pressure [9,10].  

Commonly used refining media are argon and nitrogen [11,12]. Some studies have reported that aluminum in 

combination with nitrogen can form nitrides. However, in foundry practice, this process is unlikely to occur due 

to thermodynamic conditions [13]. Regarding the degassing efficiency, the authors [11] concluded that argon 

is endowed withbetter degassing effects. 

This study will focus on comparing the degassing efficiency of argon and nitrogen as degassing media. To 

compare the individual results, the following tests will be used: determination of density index, microstructure 

evaluation and Drosstest to assess the amount of inclusions. 

2. MATERIALS AND METHOD 

For the research, AlSi7Mg0.3 alloy was chosen, which was melted in an electric crucible furnace with a volume 

of 250 kg, at 710 °C. The graphite rotor (Figure 1) was placed 150 mm from the bottom of the crucible. During 

degassing/refining constant speed of the impeller was chosen, 500 RPM. Two gases were selected as the 

refining medium, specifically nitrogen and argon. The flow rate of both refining media was set at 10.5 l/min. 
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Figure 1 The shape of the impeller used during the experiment 

In the first step (see Table 1), the alloy was melted and appropriate samples (sample 1) were taken for all the 

tests mentioned below. In the second step, the alloy was refined with argon (sample 2) for 6 minutes. In the 

next series, a new alloy was melted; again the necessary samples were taken (sample 3). Subsequently, 

refining with argon (sample 4) was carried out, in this case with half the time, for 3 minutes. The same 

procedure was carried out in the case of nitrogen refining (samples 5 - 8). Samples were taken from each 

operation for the following tests: Density Index (DI), microstructure evaluation and Drosstest.  

3. RESULTS AND DISCUSSION 

3.1.  Density Index (DI) 

For each operation 3 samples were taken under the same preparation conditions (30 mbar), from which the 

average result was calculated, see Table 1. A better overview is then obtained from the graphical 

representation, see Figure 2. 

Table 1 The average values of density index 

Samples 
Density 

index (%) 

Density (kg.m-3) Hydrogen content 
(m3H2/kg Al) underpressure atmosphere 

Sample 1 (After melting a new batch of alloy) 3.48 2.5448 2.6367 0.0136 

Sample 2 (Refining Ar2 6 min.) 0.53 2.6317 2.6459 0.0020 

Sample 3 (After melting a new batch of alloy) 4.37 2.5104 2.6253 0.0174 

Sample 4 (Refining Ar2 3 min.) 0.65 2.6252 2.6425 0.0024 

Sample 5 (After melting a new batch of alloy) 3.79 2.5134 2.6126 0.0151 

Sample 6 (Refining N2 6 min.) 1.61 2.6001 2.6427 0.0062 

Sample 7 (After melting a new batch of alloy) 3.99 2.5094 2.6139 0.0159 

Sample 8(Refining N2 3 min.) 2.20 2.5824 2.6405 0.0085 

The density index of the molten alloy (sample 1), intended for argon refining, was DI = 3.48 %. The refining 

process (sample 2) reduced this value to DI = 0.58 %. After melting the newly inserted charge (sample 3), the 

value was DI = 4.37 %. A 3 minutes refining process (sample 4) resulted in DI = 0.65 %. A partial conclusion 

can be drawn: the efficiency of the 6 and 3 minutes refining processes is almost the same when using argon 

as a refining medium. 
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The DI value of the molten alloy (sample 5), intended for refining with nitrogen, was DI = 3.79 %. By subsequent 

6 min refining (sample 6) the value was reduced to DI = 1.61 %. The newly loaded and molten charge 

(sample 7) with a value of DI = 3.99 % was subsequently refined (sample 8) for 3 minutes when the measured 

value resulted in DI = 2.20 %. From the previous results, a partial conclusion can be drawn when using nitrogen 

as a refining medium. From the values, it can be seen that the 3 minutes refining is not as efficient. Therefore, 

it is preferable to use twice the refining time, 6 minutes. 

Then if we compare the results obtained from the refining of each gas, argon vs. nitrogen, the words of the 

authors [14] can be confirmed: when using argon as a refining medium, the degassing of the molten alloy is 

many times more efficient. This statement is supported by the results of the density index measurements, 

where a six-minutes degassing with argon is many times more efficient.  

 

Figure 2 Density index comparison 

3.2.  Evaluation of microstructure 

The microstructures were evaluated on cast samples under standard conditions where the metal was cast into 

metal moulds at normal room temperature (25 °C). The casting temperature was set as in the case of refining, 
respectively 710 °C. All the following images of the microstructures (Figures 3 to 6) are taken with a scale of 

700 µm. In the first operation (sample 1) was taken a sample of the unrefined melt intendedfor 6 minutes argon 

degassing, see Figure 3 (left). The metal structure shows the presence of various inclusions/oxidation films 

and cavities mainly caused by hydrogen. The microstructure of the alloy prior to 6 minutes nitrogen refining is 

photographed in Figure 3, right. As in the previous case, oxide films and minor cavities can be observed. The 

subsequent 6 minutes refining/degassing resulted in a compact structure, see Figure 4, where the structure 

on the left is completely clear, on the right a small gas cavity can be seen. Figure 5 then shows the 

microstructure of the unrefined melt intended for the 3 minutes degassing. In both cases the presence of gas 

cavities can be seen. However, no oxide films are visible on the right. The melt was subjected to a 3 minutes 

refining/ degassing process to obtain better structural properties. If we compare the resulting microstructuresin 

term of the refining media efficiency, it is not clear which refining gas is more efficient. It can be argued that in 

this case of microstructure evaluation both media achieve comparable results for both 6 and 3 minutes 

refining/degassing. 
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Figure 3 Microstructure after melting, intended for 6 minutes argon refining/ degassing (left) 
Microstructure after melting, intended for 6 minutes nitrogen refining/degassing (right) 

  

Figure 4 Refining by argon, 6 minutes (left) Refining by nitrogen, 6 minutes (right) 

  

Figure 5 Microstructure after melting, intended for 3 minutes argon refining/ degassing (left) 
Microstructure after melting, intended for 3 minutes nitrogen refining/degassing (right) 

  

Figure 6 Refining by argon, 3 minutes (left) Refining by nitrogen, 3 minutes (right) 
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3.3.  Drosstest 

The evaluated photographs for the Drosstes test are shown in Figure 7. The samples were prepared under a 

vacuum of 8 mbar. The photographs show the number that corresponds to the appropriate step in Table 1. As 

expected, samples 1, 3, 5 and 7 correspond to the state before refining and a high incidence of inclusions on 

the surface can be seen. Samples 2 and 4 were refined with argon for 6 and 3 minutes, respectively. Samples 

6 and 8 were refined with nitrogen, also for 6 and 3 minutes. On closer examination, the results given in the 

previous tests can be clearly confirmed. Argon achieves better refining capabilities than nitrogen. The surfaces 

are less porous and more compact. Also as expected the refining time is evident on the samples. Those refined 

for 6 minutes contain fewer inclusions than those refined for half that time. 

 

Figure 7 Amount of excluded inclusions 

4. CONCLUSION 

Thework was focused on the comparison of the refining efficiency of argon and nitrogen in AlSi7Mg0.3 alloy. 

The comparison was carried out using several tests: the DichteIndex evaluation, the microstructure evaluation 

and the Drosstest evaluation. Density Index - the results obtained indicate a high refining efficiency of argon, 
where the DI values for both 6 minutes and 3 minutes refining were several times lower. Differences between 

refining times were also noticed. In the case of argon, the results differed only in tenths of percent. However, 

for nitrogen refining the differences were several times higher.  
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Microstructure evaluation - In all cases of refined samples, no significant structural defects were observed in 

the photographs and it cannot be clearly determined which refining gas has the higher refining ability.  

Drosstest - Inclusion formation is evident on the samples prior to refining when the surface is rough and 

wrinkled. Subsequent refining then reduced the oxide films on the individual surfaces. A combination of 

argontogether with a longer degassing time is then suitable for refining purposes. The overall evaluation of the 

results shows that argon is highly effective and can be recommended as a refining medium. 
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Abstract 

As part of the work, a low-waste resource-saving technology for processing diopside with the extraction of 

scandium compounds and the associated production of a wide range of large-tonnage mineral products has 

been developed. The technology of solid-phase extraction of scandium compounds using solid impregnates 

based on macroporous activated carbons modified with phosphonic acids has been proposed. The main 

directions of neutralization and processing of mother liquors and solid products formed in the process of 

extracting scandium compounds are proposed. Samples of magnesium fertilizers, red pigments for building 

mixtures, as well as precursors of titanium compounds were obtained as commercial products. 

Keywords: Scandium, diopside, extraction, magnesium, titanium 

1. INTRODUCTION 

The development of industry leads to the need to search for and develop new materials with improved 

performance characteristics. Steel structures, despite their reliability and durability, cannot always be used in 

certain industries. Such exceptions include space, aviation and other industries. To the materials used in these 

directions, in addition to the strength factor, the condition of minimizing the weight is applied, since the use of 

heavy and dense materials significantly increases the cost and operating costs of the device produced. 

To solve such problems, materials based on compounds of magnesium, titanium and aluminum have become 

widespread; however, in their pure form, these metals do not provide the required strength. To improve this 

characteristic, alloying additives are introduced into the composition of materials. From the data of various 

sources [1] it is known that the addition of scandium compounds significantly increases the strength of 

aluminum alloys and makes it possible to use the resulting alloy in the directions described above. 

Scandium is a scattered element, the content of which in rocks rarely exceeds 0.01 % of the mass. The 

scandium mining process is usually combined with the processes of large-scale mineral concentrates to obtain 

various products. To date, hydrolytic sulphuric acid, a product of processing titanium minerals by the sulphuric 

acid method [2], uranium mining solutions [3,4], as well as solid ash and slag waste [5] and red mud - waste 

of overgrowth of bauxite by the method Bayer [6,7]. 

Liquid extraction processes are used to extract scandium from acid solutions of processing various mineral 

components. A traditional extractant for solving such problems is a mixture of Di (2-ethylhexyl) phosphoric acid 

and tributyl phosphate in kerosene [8-10]. The use of a flammable liquid, as well as significant losses of the 

extractant in the form of an emulsion, significantly increase the cost of the process, which is why the task of 

developing an effective technology for extracting scandium remains urgent. An equally urgent task is the 

search for new sources of raw materials for the production of scandium compounds, while the products formed 

in the process of processing will be in demand on the market. 
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The authors of the work within the framework of preliminary studies [11,12] put forward an assumption about 

the possibility of using diopside, a mineral from the pyroxene group, as a raw material for the production of 

scandium, which at the same time is a valuable source of magnesium compounds. 

The main purpose of this work is to present the results of work on the development of an integrated energy 

and resource-saving, environmentally friendly and safe production technology for processing diopside with the 

extraction of scandium and for the production of a wide range of mineral products. 

2. MATERIALS AND METHODS 

The starting point was a sulphuric acid solution of the process of opening diopside [11,12], which is already 

successfully used at the present time. Sodium-silicon fluoride in an amount of up to 20 g / l was used as an 

additive to increase the efficiency of opening. The solution was filtered through a polymer vacuum filter to 

separate unreacted ore and insoluble silicon and calcium-containing sediments. 

The study of the chemical composition of acidic solutions was carried out using a Spectroskai atomic emission 

spectrometer with magnetic plasma (Korolev, Russia) [13]. The study of the chemical composition of solid 

samples was carried out on a scanning electron microscope with a 1610LV with an energy dispersive 

spectrometer for electron probe microanalysis SSD X-Max Inca Energy (JEOL, Japan; Oxford Instruments, 

Great Britain). 

Samples of impregnates for the extraction of scandium compounds were obtained by impregnating 

macroporous coals (MAC, AГ3, ВСК grades) with a mixture of tributyl phosphate (hereinafter TBP) and di (2-

ethylhexyl) phosphoric acid (hereinafter D2EHPA). 

3. RESULTS AND DISCUSSION 

The chemical composition of sulphuric acid solutions is presented in Table 1. 

Table 1 Chemical composition of sulphuric acid solutions of diopside leaching 

Elements Sc (mg/l) Ti (g/l) Ca (g/l) Fe (g/l) Mg (g/l) Al (g/l) 

Concentrations  12.1 0.65 0.42 17.0 15.9 6.15 

From the data in Table 1, it can be seen that in the process of opening diopside, 20 % sulphuric acid solutions 

with an extremely high content of various metals (titanium, aluminum, iron) are formed. Significant 

concentrations of magnesium compounds were found in the composition of solutions, which makes it possible 

to theoretically organize their extraction to obtain magnesium sulphate (fertilizer). In addition to metal salts, the 

solution contains a fluoride ion (up to 10 g/l), the return of which to the opening stage will significantly reduce 

the cost of the products obtained. 

At the next stage of the experiments, the process of extraction of scandium compounds on samples of 

impregnates was investigated. Data on the dynamic exchange capacity of impregnates with respect to 

scandium are presented in the diagram in Figure 1. 

From the data of the diagram in Figure 1 that the samples of impregnates have a relatively high capacity in 

relation to scandium compounds and allow them to be extracted with high efficiency and selectivity from the 

sulphuric acid solution of diopside processing. Compounds of titanium, iron, aluminum and other impurities 

almost completely remain in the mother liquor. The residual concentration of scandium compounds in the 

solution was at the level of 0.001 mg/l (the detection limit of the device). Re-extraction of scandium compounds 

was carried out with a mixture of ammonium hydrofluoride and sulphate, with the degree of scandium re-

extraction exceeding 80 %. To isolate solid scandium-containing concentrates, precipitation is carried out in 

the form of fluorides, oxalates or hydroxides. 
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Figure 1 Dynamic exchange capacity 

Magnesium oxide was introduced into the mother liquor containing free fraction in the form of a suspension. 

In the process of neutralization and increase in pH, fluorides and hydroxides of titanium, iron, aluminum and 

other impurities were precipitated from the solution, and magnesium sulphate remained in the solution due to 

its good solubility. Data on the chemical composition of solutions obtained in the neutralization process are 

presented in Table 2. 

Table 2 Chemical composition of solutions of the process of neutralization of free sulphuric acid 

 Concentration (g/l) рН after 
neutralization 

Ti Ca Fe Mg Al 

Alkaline reagent MgO <0.001 0.16 <0.001 42.3 <0.001 8.54 

From the data in Table 2, it can be seen that the use of magnesium oxide (147 g/l) allows with high efficiency 

to remove impurities of heavy metals from the mother liquor. Most of the fluorides have also passed into the 

sediment and can be returned to the ore opening stage. 

The solution that has passed the drying stage is a mixture (in terms of oxides): 

94.6 wt% MgO, 2.1 wt% Na2O, 1.7 wt% SiO2, 0.8 wt% CaO, 0.9 wt% TiO2, Fe2O3, Al2O3 

Comparing the data on the chemical composition of the solid product and the requirements of regulatory 

documents, we can conclude that the obtained magnesium sulphate can be used as a fertilizer [14]. 

The precipitate of hydroxides and fluorides of aluminum, iron, titanium and other elements obtained in the 

process of neutralization was calcined at a temperature of 950 °C for 60 minutes. The composition of the 

resulting product: iron 25.3 wt%, aluminum 10 wt%, magnesium 11 wt%, titanium 1.3 wt%, calcium 0.6 wt%, 

oxygen 51.8 wt%. This product can be used as an inexpensive pigment for the production of building products, 

as well as an iron ore raw material for the production of metallic iron. 

An enlarged scheme of diopside processing, considering the technological solutions described in the work, is 

shown in Figure 2. 
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Figure 2 Schematic diagram of energy-and resource-saving technology for processing diopside 

4. CONCLUSION 

The presented data demonstrate innovative approaches to organizing the diopside processing process to 

obtain scandium compounds and large-tonnage mineral products (fertilizers, pigments). A technology for the 

extraction (extraction) of scandium compounds using impregnates based on macroporous coals impregnated 

with a mixture of tributyl phosphate (hereinafter TBP) and di(2-ethylhexyl) phosphoric acid (hereinafter 

D2EHPA) has been proposed. A high exchange capacity of impregnates with respect to scandium compounds 

is noted. The possibility of re-extraction of scandium compounds using a binary mixture of ammonium 

hydrofluoride and sulphate is proposed. In this case, the efficiency of this mixture in the process of scandium 

re-extraction exceeds 80 %. 

A technology has been proposed for the neutralization of sulphate mother liquors by neutralization with 

magnesium oxide, while magnesium sulphate, a fertilizer for the needs of agriculture, is obtained as products 

with the extraction of compounds of iron, aluminum and titanium, which can be used as iron ore raw materials 

or pigments for building materials. 

A conceptual diagram of an energy- and resource-saving, environmentally safe production technology for 

processing diopside with obtaining scandium concentrates and a wide range of large-tonnage mineral products 

is proposed. 
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Abstract 

Al-Si alloys alloyed with Mn and Mg are widely used in industry, especially as cast alloys. The presence of Mg 

allows subsequent heat treatment, which will improve mechanical properties. Al-Si alloys generally contain Fe; 

its content between 0.3 and 0.5 wt% increases strength and fluidity. But the content higher than 1 wt % causes 

the formation long, hard, and brittle needles of β - phase (FeSiAl5) which act as notches. Mn improves strength 

and mechanical properties at high temperature. Excessive Fe segregate with Mn in coarse “chinese script” 

particles (Fe,Mn)3Si2Al15 which are less harmful than β - phase. Alloys containing 3.8-11.20 wt% Si, 0.12-1.76 

wt% Fe, 0-2.25 wt% Mn and 0-0.73 wt% Mg, modified with 0.02 wt% Sr were analysed. The samples were 

cast in the form of a "harp" for calculating the fluidity by the vertical method and in samples for tensile tests - 

ultimate tensile strength (Rm), total elongation (A5), the reduction of the area (contraction Z), and hardness 

HV10 were determined. In addition, the microstructure was evaluated. From these sources, the equations that 

define the relationship between the composition of the alloy and its properties were determined by linear 

regression analysis. There is a strong correlation (r2 = 0.73-0.81) between the properties calculated with 

obtained equations and the actual values. The content of Mn (0.3 wt%) and Mg (0.25 wt%) was determined by 

optimization using DoE (design of experiments), which will ensure optimal values of the analysed properties. 

Keywords: Metallurgy, Al-Si alloys, composition, properties, regression  

1. INTRODUCTION 

In connection with the tendency to reduce the environmental burden and the consumption of primary sources 

of raw materials and energy, there is ever-increasing pressure to use secondary sources. Among the non-

ferrous metals, aluminum and its alloys are getting to the centre of attention. The production and refining of 

secondary aluminum require only about 5 % of the energy needed to produce primary aluminum. Its recycling 

is complicated by the fact that in technical practice it is used in the form of alloys, the processing of which 

brings many specific problems. Alloys for casting usually have higher alloying element content (up to 20 wt%) 

than alloys intended for forming (up to 10 %). Therefore, this scrap is recycled only into foundry alloys, whereas 

removing the most of alloying elements from molten aluminum would be impractical [1, p. 84].  

The paper deals namely with Al-Si casting alloys, i.e. silumin. In the production of aluminum alloys of waste 

material, there may be a problem with the homogeneity of the batch and with the uncertainty of its chemical 

composition, which usually does not meet the standard. Therefore we must assess the possibility of correction 

by diluting the melt. However, the lower the concentration, the more difficult the dilution [2, p.17]. If the 

customer does not insist on a specific standardized composition and only cares about the foundry and/or 

mechanical properties, the manufacturer can use the regression equations presented in this contribution to 

calculate the fluidity, hardness, yield strength, ductility, and contraction of the casting. The equations must be 

applied for concentrations of Si, Fe, Mn and Mg mentioned further. The cooling rate of the casting should be 
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about 20 °C.s-1. It is assumed that the alloy will be modified. Using Sr as a modifier, its final content of 0.02 

wt% is sufficient for complete globularization of eutectic silicon. 

2. ELEMENTS INFLUENCING THE PROPERTIES OF Al-Si 

Aluminum casting alloys have several advantages over other foundry alloys. These have, in particular, good 

fluidity, low melting point and solidification interval, and good corrosion resistance [3, p. 94]. Binary Al-Si alloys 

are intended for the production of shaped castings by casting in sand, metal moulds, or for die-casting. The 

maximum tensile strength is usually around 250 MPa.  

Achieving a higher foundry quality of silumin together with uniform properties is possible by using other alloying 

elements. The additives in Al-Si alloys for casting include in particular: 

Mg- is added in the amount of 0.3 to 0.75 wt%. It allows enhancing the strength properties by hardening with 

the help of the Mg2Si phase. Magnesium reduces ductility and fluidity but does not reduce corrosion 

resistance [4,5]. 

Mn- increases strength, corrosion, and fatigue resistance, reduces porosity. Under its effect, iron precipitates 

take the form of a skeleton shape Al15(MnFe)3Si2 particles (Chinese script). The manganese content in 

Al-Si alloys should be equal to about ½ iron of content.  

Fe- is a common impurity in aluminum alloys. Depending on the quality of the raw materials, the primary 

aluminum contains between 0.03 and 0.15 wt% Fe. At present, there is no known reliable and economic 

method removal of iron from aluminum alloys. Gravitational methods are effective, but economically 

disadvantageous [6]. Iron harms strength, plastic properties, corrosion resistance, and fluidity. At 

contents higher than 0.3 to 0.5 wt% it forms undesired hard and brittle intermetallic phases. Particularly 

unpleasant are the β-phase needles (Al5FeSi), which, depending on the composition and cooling rate of 

the casting, begin to form at the content of 0.7-1.0 wt% Fe. In extreme cases, their length exceeds 1000 

µm. As they are hard and brittle, they act like notches and intensely reduce not only the mechanical 

properties of the castings (strength, ductility) but also fluidity. They increase the creep resistance at 

elevated temperatures and the resulting hardness of the castings, which may or may not be desirable 

[4,7].  

3. SAMPLE PREPARATION AND REGRESSION ANALYSIS 

185 samples with chemical composition in the range of 3.80-11.20 wt% Si, 0.12-1.76 wt% Fe, 0-2.25 wt% Mn, 

and 0-0.73 wt% Mg, and Sr as 0.02 ± 0.002 wt% were used for analysis. The melt was cast at 760 °C into a 

chill mould for tensile test samples (3-5) and a chill mould (“harph” or “lyre”, details in [8]) for the vertical fluidity 

test. The tensile test was performed on a 200 kN Zwick-Extensometer according to ISO 6892-1 [9]. The 

ultimate tensile strength Rm (MPa), the total elongation A5 (%), and the reduction of the area, contraction Z (%) 

were evaluated. The hardness of the sample head part was measured by the Vickers method HV10 according 

to ISO 6507-1 [10] with five indentations. The tester HPO 250 met the requirements of the standard ISO 6507-

2 [11] during calibration.  

The metallographic samples were ground with water-cooled sandpapers in sequence 220, 240 .... 3000 

ANSI/CAMI grit, polished with an aqueous suspension of Al2O3 to mirror finish and etched with 0.7% HF. 

Eutectic silicon is precipitated in the form of globules with a diameter of up to 4 µm, partly in the form of fine 

lamellae with a length of about 10 µm. The interparticle spacing of these λβ particles is 2.5 µm on average. At 

higher manganese content (> 0.5 wt%) in eutectic occur skeleton shapes “Chinese script” (FeMn)3Si2Al15 with 

a maximum diameter of 80 µm. Long needles FeSiAl5 sporadically appear at Fe content above 0.7 wt%. 

The Excel (LINEST) program was used to calculate the equations expressing the relationship between the 

composition of the alloy and the mechanical and foundry properties according to the procedure described in 

[12,13]. The individual coefficients of regression equations are given in Table 1. As follows from the values of 
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the correlation coefficient r2, the correlation between the experimentally determined property values and the 

values calculated using regression equations can be considered high. 

Table 1 Regression equations coefficients and correlation coefficients r2.  

 Si Fe Mn Mg constant r2 

Yz 0.480915 2.808531 -1.27922 0.13244 1.73129 0.806 

HV10 2.246563 5.198576 6.68295 42.38626 43.46132 0.807 

Rm 6.909898 -58.695000 -15.86840 -64.17050 169.83110 0.783 

Z -0.409550 -3.593790 -1.09128 -6.105670 11.49576 0.735 

A5 -0.282040 -4.532730 -0.73961 -6.32229 10.72438 0.783 

The DoE (Design of Experiment) method using Quantum XL software, was used to create a model to predict 

the mechanical and foundry properties of AlSi alloys. DoE allows manipulation of multiple input factors with 

monitoring of their effect on defined outputs (response) [14,15]. Based on experimental data, was constructed 

the model, using the DoE historical analysis method. The matrix of the experiment consists of four factors with 

different levels mentioned above; Si (A), Fe (B), Mn (C), and Mg (D), while five outputs (Y) were monitored: 

Rm, A5, Z, hardness HV10 and fluidity Yz (mm-1). Tolerance limits of individual outputs were determined 

according to standards for Al-Si alloys STN 42 4332 and STN 42 4331.  

The result of DoE is main effect plots and surface plots, with which we can visually evaluate the significance 

of the influence of individual chemical elements on the resultant investigated mechanical or foundry property 

(Figures 1, 2). 

 

Figure 1 The effect of individual elements on mechanical and foundry properties (main effect response plot) 

at tensile strength Rm, contraction Z, hardness HV10 and fluidity constant values: Si (A) = 9.99; Fe (B) = 

0.38; Mn (C) = 0.30; Mg (D) = 0.25; at elongation A5 constant values: Si (A) = 9.99; Fe (B) = 0.38; Mn (C) = 

0.01; Mg (D) = 0.01 
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Using regression, we can change the input values of individual chemical elements and monitor changes in the 

output mechanical and foundry properties. The setting of the optimization goal represents the maximization of 

the tensile strength Rm value, while the optimization constraints must be between 140 and 195 MPa. Other 

optimization constraints were elongation A5, which must be between 1 and 2 %, and hardness HV10, which 

must be between 50 and 85 HV. Non-standard properties as contraction Z must be greater than 2 % and 

fluidity must be greater than 7. In this way, we have defined the optimal content values of individual chemical 

elements as follows: 9.99 wt% Si; 0.38 wt% Fe; 0.3 wt% Mn; 0.25 wt% Mg. At this set of factors, the monitored 

mechanical and foundry properties reach the following values: tensile strength Rm = 189 MPa; elongation A5 = 

2.9 %; hardness HV10 = 79 HV; contraction Z = 3.5 %; fluidity Yz = 7.3. The coefficient of determination of the 

created model reaches a high value of r2> 0.8. 

 

Figure 2 Influence of Si and Fe on mechanical and foundry properties at constant Mn and Mg content 
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It is clear from the graphs (Figure 1A) that the factor Fe (B) has the greatest influence on the observed output 

tensile strength Rm. Statistical significance is confirmed by the p-value of the factor Fe (B) less than 0.05; p = 

0.001.The increase in Si, Mg increases Rm, the opposite tendency seen in the graph may be due to other 

factors, such as the intense effect of iron, the effect of manganese associated with the formation of “Chinese 

script”, the reaction of magnesium with silicon and iron. Based on these results, the interaction of Fe and Si 

(AB) factors is close to statistical significance, where p = 0.066 (for more details see Figure 2A). Regarding 

the graphs (Figure 1B), the greatest influence on the observed output elongation A5 has a factor Si (A), p = 

0.001. In this case, different setting of factors Mn (C) = 0.01 wt% and Mg (D) = 0.01 wt% were taken into 

account. Close to statistical significance for the observed output contraction Z (Figure 1C) is the factor Si (A), 

p = 0.082, and the interaction of factors Fe, Mn, and Mg (BCD), where p = 0.062. The hardness HV10 

(Figure 1D) is mostly influenced by the factors Mn (C) p = 0.018, and Mg (D) p = 0.007, while the interaction 

of these factors (CD), p = 0.043 is also statistically significant. Regarding the fluidity (Figure 1E), it is likely 

that the statistical significance of the effect of the composition is to some extent overlaid by other factors related 

to casting technology (for example, casting rate influenced by the operator, cooling rate of casting, presence 

of oxide membranes in the melt, etc.). By optimizing in DoE, the Mn content was set to 0.3 wt% (which is the 

lower level for STN 42 4331 and below the lower level for STN 42 4332) and the magnesium content to 0.25 

wt% (which is close to the lower level for standard alloys STN 42 4331 and 42 4332). True, alloys with such a 

composition must meet conflicting optimal requirements: it is difficult to meet both the requirements of high 

strength and hardness on the one hand and high plasticity on the other hand. In addition, it should be noted 

that fluidity is influenced by a several other factors, as mentioned above. It is expected that as the Si content 

increases, Rm will increase slightly and, conversely, decrease with increasing Fe content. The surface plot 

modelled by DoE essentially shows the expected trend in Figure 2A. The elongation A5 and contraction 

decrease with increasing Si and Fe content, the same tendency is seen in Figure 2B for elongation and 

Figure 2C for contraction. The model course of the influence of the monitored elements on the contraction is 

more pronounced. The same course of both plastic properties corresponds to expectations. The hardness 

increases with increasing Si and Fe content. In Figure 2D, the effect of Fe corresponds with reality, as does 

the effect of Si at low Fe contents. At the higher Fe contents, the influence of Si is insignificant, whereas it is 

suppressed by the dominant influence of Fe. 

4. DISCUSSION 

In contrast to the mechanical properties, the effect of Si and Fe on fluidity is not unambiguous, see Figure 2E.  

This is due to the above-mentioned influence of other factors, but also due to the mutual, often opposing action 

of the additives; e.g. fluidity is affected by the ratio of Fe to Mn or Mg due to its tendency to oxidation. As can 

be seen in Figure 2F, the oxidation products thus formed affect the fluidity. It should be noted, however, that 

this is a complicated five, or six-element system (if we also take Sr into account), where the elements that 

influence the monitored mechanical and foundry properties act complicatedly against each other and their 

influence is not linear. For instance, Mn to some extent compensates the effect of iron, thereby inhibiting its 

negative effect on the ultimate strength and plastic properties. At the higher contents, it supports the creation 

of a “Chinese script”, which significantly impairs the fluidity. 

There are few publications focused on indicative calculations of mechanical and foundry properties of 

secondary silumin, not to mention the use of the DoE prediction model. The approach using regression 

equations were used e.g. Muñoz-Ibáñez et al. [16], who used Aluminum Association (AA) and the North 

American Die Casting Association (NADCA) values as input data. The output is focused on alloys with a silicon 

content higher than 9.5 wt%. Soundararajan et al. [17] focused on modelling the influence of parameters other 

than chemical composition - the temperature of the cast alloy and die preheating and another die-casting 

parameter. They used the Artificial Neural Network (ANN) approach to model the influence of these parameters 

on the mechanical properties of single alloy castings. Ridgeway et al. [18] used the cellular automaton-finite 

element analysis (CE-FEA) approach for the prediction of local mechanical properties of castings. The 
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microstructure was modelled, including imperfections and related mechanical properties depending on the 

local cooling rate. Pezda [19] used thermal-voltage-derivative analysis (the ATND method) to predict the 

mechanical properties of supereutectic silumin, which was related to the crystallization conditions of the casting 

cooling. From the above mentioned, it is clear that although modelling is used in this field, it deals mainly with 

casting conditions. The reliability of the regression would certainly be increased by linking the study of the 

composition impact as presented in this paper as well as in [20] with casting conditions (alloy temperature, 

casting rate, type, and temperature of the mould), as well as cooling conditions of castings. The investigation 

of this link represents the further direction in the research. 

5. CONCLUSION 

The benefit of this paper is the calculation of regression equations, which will allow determining the basic 

mechanical and foundry properties of modified silumin (Al-Si alloy) containing Fe and doped with Mn and Mg. 

There is a high level of correlation between the experimental properties and the properties determined using 

the calculated regression equations. 
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Abstract 

The article considers the possibility of obtaining blue vitriol, where electrolytes, solutions from dehumidification 

of sludge, washing waters of cuprous production, condensates, and copper granules are used as initial process 

materials. Possibilities of solubility of charge components using different solvents are considered. An 

experimental study determined the most optimal indicator of the leaching method using resource-saving 

technology. 

Keywords: Blue vitriol, electrolytic copper, solid solution, resource-saving technology 

1. INTRODUCTION 

There is a great demand for blue vitriol in agriculture, which is used as a microenvironment and for the 

destruction of various insects and the disinfection of drinking water. In the republic, the copper block is 

produced by the JSC “Almalyk Mining and Metallurgical Complex” (AMMC) (Uzbekistan). Copper block 

production is an integral of the process flow chart of copper electrolytic refining. Reusing electrolytes, it is 

possible to carry out the necessary control of the electrolyte composition in the cathode section, both in terms 

of copper content and in terms of harmful impurities content, thereby ensuring the release of high-quality 

cathodes [1]. 

Proper control of the electrolyte composition allows obtaining a smooth surface of the cathodes, which leads 

to a decrease in electric power consumption and an increase in the current utilization factor. 

The constant composition of the electrolyte within the technological norm is achieved: 

1) Production of daily chemical analysis of electrolytes for copper and sulphuric acid content, other 

components for chlorine ions. 

2) Due to transfer of part of electrolyte to domed section. 

During the processing of electrolyte into copper cuprous, contaminated mother liquors of the third 

crystallization of cuprous are simultaneously disposed of, as a result of which non-standard products are 

obtained: electrolyte copper, aqueous copper-nickel salts. Substandard electrolyte copper is sent for remelting 

to the anode section of copper smelting plant, and salts, semi-products of production are sold to interested 

organizations [2]. 

2. OBJECTS AND METHODS OF RESEARCH 

In the production of copper cuprous, the following are used as initial process materials: electrolyte of the 

cathode section, solutions from dehumidification of sludge, washing waters of cuprous production, condensate 
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and copper granules. Copper pellets are consumed to neutralize sulphuric acid containing the electrolyte to 

be processed. 

Copper block production includes the following technological processes: 

 neutralization of electrolyte and circulating solutions with granular copper, 

 purification of neutralized solutions from iron and arsenic, 

 separation of neutralized, mother and return solutions [3], 

 crystallization of copper cuprous to obtain commercial products. 

As can be seen from the above, the production of blue vitriol is a labor-intensive and expensive process since 

anode scrap, or copper granules, are used in neutralizing recycled electrolytes. The reaction is as follows 

(Equation 1): 

2 Cu + 2 H2SO4 + O2 = 2 CuSO4 + 2 H2O [1]           (1) 

World practice shows that it is copper granules that are used to neutralize the acid. This is an expensive 

material that increases the cost of cuprous and reduces its competitiveness globally. 

In this article, the study results in which we conducted the opportunity to replace copper pellets with copper-

smelting dust. Using the results of scientific research work in practice will make it possible to reduce the cost 

of the obtained blue vitriol and use technological waste [4]. 

In this regard, the topic of our research work is devoted to the production of blue vitriol using man-made 

formations - copper-smelting dust instead of expensive copper granules is undoubtedly very relevant. 

The study on the use of copper smelting dust as neutralization of spent electrolytes requires solving the 

following task [5-7]: 

- study of the chemical and particle size distribution of copper-smelting dust, 

- study of the solubility of components of dust-containing smelting in various solvents, 

- selection of optimal condition for leaching of copper-smelting production dust. 

To fulfil the task, the object of the study used oxygen-suspended smelting of copper concentrates of the copper 

smelting plant, AMMC, since when the copper charge is smelted in a suspended state in an flash smelting, a 

considerable amount of dust is released by process gases (15 - 20 % of the total mass of the processed 

charge), which is captured in various dust-cleaning. 

Tables 1 and 2 show the chemical and particle size distribution of flash smelting dust. 

Table 1 Chemical composition of flash smelting dust (wt%) 

 Cu Pb Zn Stotal SiO2 AI2O4 Fe 

Dry charge: 17.2 0.38 0.34 32.0 10.6 2.2 28.9 

Dust:        

Recovery boiler 19.8 1.52 1.51 10.2 4.0 1.5 26.2 

Inertial dust collector 20.8 2.51 0.92 12.5 4.3 1.6 18.1 

Cyclones 20.6 2.10 1.37 11.2 4.4 1.9 21.9 

Electro filters 19.7 1.63 1.04 12.4 3.6 2.1 21.1 

As can be seen from Table 1 in the dust in the flash smelting complex with copper content is high (19.7-20.8 

wt%), more than in the original product. In addition, dust contains several components such as lead, zinc, iron, 
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and others. Copper and other dust components are oxides, sulphates, and sulphides with good solubility in 

water and electrolytes. 

It can be seen from Table 2 that the particle size distribution of dust in all units of the dust treatment facilities 

of the flesh smelting complex in terms of size meets the technological requirements of leaching. 

The complexity of the phase composition of flash smelting dust of copper sulphide concentrates and the limited 

research on their processing led to a cycle of experiments on leaching dust with various reagents: H2SO4, a 

mixture of H2O + H2O2, CuSO4 + H2SO4, and spent copper electrolytes. 

Table 2 Particle size distribution of flash smelting dust (%) 

Fraction (μm) Recovery boiler Inertial dust collector Cyclones Electro filters 

 Distribution Dust 
out 

Distribution Dust 
out 

Distribution Dust 
out 

Distribution Dust 
out 

> 60 7.5 0.24 0 0 0 0 0 0 

60 ÷ 40 33.0 1.07 16.0 0.25 0 0 0 0 

40 ÷ 25 23.0 0.75 20.0 0.32 21.5 0.26 0 0 

 25 ÷ 18 10.0 0.33 9.0 0.14 23.5 0.28 17.5 0.41 

18 ÷ 10 13.0 0.42 27.5 0.43 27.5 0.33 43.5 1.00 

<10 6.0 0.20 12.5 0.19 11.5 0.14 17.5 0.40 

Total: 100.0 3.25 100.0 1.56 100.0 1.20 100.0 2.31 

3. RESULTS AND DISCUSSION 

The experiments were carried out in a glass flask, on a magnetic agitator with heating, and equipped with a 

reflux condenser to prevent evaporation of the solution. 

A study of the solubility of the main components of flesh smelting dust was studied depending on the 

concentration of the solvent, on the pulp, on the temperature, and the duration of the process. 

Sulphuric acid leaching was carried out with the use of acid with a concentration of the 20 % during two hours 

at a temperature of 96-98 °C, liquid-to-solid ratio (L/S)=1:3. It was noted that elemental sulphur was formed 

during the leaching process, sublimated on the hard part of the reverse cooler. This dust leaching process is 

of great importance in the production of elemental sulphur. The results of the study are shown in Table 3. 

Table 3 Results of sulphuric acid leaching of dust from electro filters Copper flash smelting (dust class 2500 -  

             50 μm), d - density 

Process factor 

Yield dry 
residue(%) 

Filtrate 
characteristic 

Solid residue content (wt%) 

T(°C) 
time 

(hour) 
L/S 

Н2SO4 
(g/cm3) 

pH d (g/cm3) Cu Fetotal Pb As 

35 1 1:3 1.4 44.8 0.24 1.270 11.8 28.62 9.0 0.35 

98 1 1:3 1.4 31.6 0.34 1.320 7.2 23.45 14.4 0.22 

98 2 1:3 1.4 30.6 0.06 1.315 6.65 22.75 14.8 0.18 

98 2 1:3 2.0 25.0 -0.09 1.372 5.0 16.75 19.2 0.21 
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Table 4 Degree of recovery of main components into solution 

Process factor Recovery of major components into solution (wt%) 

t (°C) time (h) L/S 
Н2SO4 
(g/cm3) 

Sb Zn Cu Fetotal Pb As Sb Zn 

35 1 1:3 1.4 0.32 1.90 74.8 28.8 13.6 79.4 20.5 22.8 

98 1 1:3 1.4 0.34 1.50 88.6 58.8 9.0 90.9 40.2 56.9 

98 2 1:3 1.4 0.20 1.40 89.9 61.4 9.3 92.7 66.0 61.0 

98 2 1:3 2.0 0.26 0.90 94.8 76.7 4.0 94.3 64.0 79.6 

Salt leaching with a copper sulphate solution is based on the known fact that some non-ferrous metal sulphides 

can be dissolved in bivalent copper salts. The formula (Equation 2) generally describes the process: 

2 MeS + 2 Cu2+ + O2=  Me2+ + 2 Cu+ + 2 SO [2]          (2) 

The condition for the development of the process is the presence of sulphides in the raw materials. The 

solubility of dust in copper sulphate is 36 - 37 %, indicating a small content of sulphide forms of non-ferrous 

metals, particularly copper. Acidification of sulphate solutions leads to an increase in the completeness of the 

recovery of Cu, Zn, and Fe, and cakes are enriched with noble metals and sulphur elements. 

Leaching with a copper electrolyte containing up to 170 g/l H2SO4 at a 95-98 °C temperature, L/S = 1:3 during 

2 hours leads to dust solubility by 61 - 62 %, the transition of copper from dust to solution was 95 - 96 %. 

Table 5 Results of flash smelting dust leaching with various reagents 

Reagent 
Dust component Cake yield 

of dust(wt%) As Sb Pb Zn Cu Fe S Au Ag 

 Composition of solutions before leaching (g/l) (mg/l•10-2)  

H2SO4 1.30 1.14 0.775 5.41 77.5 65.6 27.1 0 2.5 - 

CuSO4+H2SO4 1.31 1.13 0.405 5.31 76.9 64.1 27.0 0 1.84 - 

Copper electrolyte 1.25 1.01 0.610 3.66 66.3 44.4 26.7 0 1.71 - 

H2O2 0.39 1.12 0.17 2.33 40.9 36.3 19.5 0 0 - 

 Composition of solutions after leaching(g/l) (mg/l•10-2)  

H2SO4 0.12 0.10 24.24 0.41 5.37 5.58 12.1 91.0 560 21.4 

CuSO4 + H2SO4 0.10 0.12 23.82 0.57 6.19 7.81 11.6 86.0 604 21.6 

Copper electrolyte 0.12 0.176 14.5 1.9 13.5 23.15 7.19 49.0 375 38.2 

H2O2 0.55 0.02 12.43 1.65 16.64 13.07 4.89 33.8 373 55.0 

Degree of extraction of main dust components into solution  (%) 

H2SO4 95.0 93.9 36.3 95.0 96.5 92.1 80.0 0 44.2 - 

CuSO4 + H2SO4 95.5 94.3 18.7 94.0 95.8 90.1 73.6 0 32.5 - 

Copper electrolyte 90.1 84.5 1.96 64.8 82.4 62.3 78.1 0 30.3 - 

Sulphide-alkaline electrolyte 79.0 0 2.2 8.5 58.9 14.8 90.7 0 13.3 - 

H2O2 40.0 97.5 11.1 55.7 68.7 72.2 78.4 0 0 - 

Table shows these results of flash smelting dust leaching with various reagents. 

The results obtained and their discussion. Leaching with a hydrogen peroxide solution was studied under 

agitation conditions at a temperature of 95 ± 20 °C. The pulp was kept in the reactor for two hours at L/S = 
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1:3-4. Due to the tremendous exothermic nature of the process, intense boiling of pulp was noted, which should 

be borne in mind when loading a reagent, exceptionally concentrated 25 - 30 %. Under this condition, the dust 

solubility was 45 - 46 %, which cannot be said to be satisfactory. The complexity of the process and the 

comparatively high cost of Н2О2 also do not allow to recommend this reagent for leaching. 

4. CONCLUSION 

As can be seen from Summary Table 5, the high recovery rate of copper and other major dust components 

corresponds to the leaching of dust in the sulphuric acid solution (the copper recovery rate is 96.5 %); these 

data indicate that dust in the OFF furnace is more suitable for neutralizing spent copper electrolytes. 

Output. According to the results obtained from the study of the possibility of using man-made wastes AMMC, 

the following conclusions can be drawn. 

The chemical, mineralogical, phase, and granulometric compositions of dust and dust treatment facilities of 

the AMMC were studied. It was established that in the production of copper dust, instead of copper granules 

used to neutralize free sulphuric acid, copper smelting dust can be used.  

The degree of solubility of the charge components with various solvents was investigated, and the most optimal 

leaching process parameters were determined. 

The technology we offer will significantly reduce the cost of copper cupronickel and increase its 

competitiveness globally.  

Processing of dust in a separate cycle will reduce the ballast turnover of dust into the process of the OFF 

furnace - electro filter recovery boiler - OFF furnace and increase the latter's efficiency in charge by 10 - 15 % 

with simultaneous increase of process autogenicity. 
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Abstract 

This paper aims to assess the efficiency of graphite impellers type A and B, investigated in the study of an 

aluminum refinement process using a physical model of the foundry degassing unit. This model operates in 

the laboratories of the Environmental Research Department of the Institute of Technology and Business in 

České Budějovice. For this purpose, a series of experiments were performed for each impeller type with 

different process parameters. The efficiency was evaluated based on oxygen concentration in water reached 

after 180 s of the refining process. Impeller A was found to achieve lower oxygen concentrations in water after 

180 s and was therefore considered to be more efficient. The conclusions will be further verified under 

operating conditions of the Die-casting Division of MOTOR JIKOV Slévárna (Foundry) a.s. 

Keywords: Aluminum, physical modelling, refinement process, FDU, impeller design 

1. INTRODUCTION 

Aluminum alloys contain numerous impurities that affect the properties of finished castings. In particular, 

hydrogen and non-metal inclusions should be mentioned among these phases. Hydrogen is characterised by 

a very negative impact on aluminum casting properties. Moisture contained in raw materials of the charge and 

other materials that come in contact with the molten mass is usually the source of hydrogen [1]. 

Thanks to its high affinity to oxygen, aluminum reacts with moisture; 

elementary hydrogen is thereby released and becomes dissolved in the 

metal [1]. The adverse effect of hydrogen is caused by its different 

solubility in the liquid and solid phase. This is demonstrated by 

temperature dependence of hydrogen solubility in aluminum and its 

alloys illustrated in Figure 1. As can be seen, hydrogen solubility in the 

liquid phase is relatively high. However, as the temperature decreases, 

its solubility is considerably reduced. A similar trend can also be 

observedin the case of hydrogen solubility in aluminum alloys [2]. In the 

process of solidification, hydrogen becomes separated from the metal 

and its atoms bond to form gaseous H2 molecules which results in casting 

porosity [3]. 

At a specific temperature, hydrogen solubility also depends on its partial 

pressure in the surrounding atmosphere. This dependence is described 

by theSieverts law, the principle of which is used in molten aluminum degassing [1,4]. In practice, this means 

 

Figure 1 Hydrogen solubility in 
molten aluminum [1,5] 
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that dissolved hydrogen diffuses into the bubbles of a refining gas and is transported in the gas outside the 

molten aluminum. 

This principle is used by the FDU (Foundry Degassing Unit, see Figure 2) refining system [6] whose scheme 

is illustrated in Figure 3. The system is composed of a graphite impeller and a hollow shaft used to introduce 

an inert gas into the molten mass. Usually, a baffle is added to these components. The impeller disperses inert 

gas into small bubbles and ensures their uniform distribution throughout the refining pan. Generally, the smaller 

the bubble sizes, the larger the overall specific surface of the phase interface between the bubble and the 

molten mass through which hydrogen diffuses into the inert gas [5,6]. Additionally, smaller bubbles have a 

longer retention time in the molten mass, thereby providing more time for hydrogen diffusion into the bubble 

[7]. Moreover, the impeller induces turbulent flow which supports the hydrogen removal kinetics [4]. 

   

Figure 2 Foundry Degassing Unit (FDU) during melt  

processing for die casting 

Figure 3 Principle of refinement 

process by the FDU unit [6] 

Hydrogen removal efficiency is affected by many factors including the alloy type, melting temperature, initial 

hydrogen content in the molten mass, type and amount of the refining gas, but also the FDU unit parameters 

such as the impeller rotation frequency, the working height, etc. [7-11]. However, the shape of the impeller 

itself also has a significant impact on degassing efficiency as previously demonstrated by a number of studies, 

e.g. [12-15]. 

The objective of this study was to compare refining efficiency of molten aluminum at the FDU unit using two 

graphite impellers of different geometries. The research was performed using physical modelling at 

laboratories of the Environmental Research Department of the Institute of Technology and Business in České 

Budějovice. The purpose of physical modelling was to sufficiently simulate the given process in order to assess 

its intensity and subsequently, to apply the learned information in operating conditions. For this purpose, 

experiments were performed using two impeller types, A and B, and degassing intensity was monitored. An 

appropriate impeller type for testing in operating conditions will be recommended based on the results. 

2. DESCRIPTION OF PHYSICAL MODEL AND EXPERIMENTAL METHODOLOGY 

A physical model of the refining system was constructed for the purpose of physical modelling of aluminum 

alloy degassing (see Figure 4). The physical model was constructed according to the FDU unit used at 

MOTOR JIKOV Slévárna (Foundry) a.s. Essential components of the system include a plexiglass vessel 

(refining pan model), graphite impeller, baffle and optic probes to measure oxygen concentration in water. The 

impeller is propelled by an electric motor with speed regulation. In order to respect geometric conformity of the 

model and the work, the model vessel was manufactured in the 1:1 ratio with respect to the operating pan. 

The tested impellers and the baffle (see Figure 5) are standard components used in operating conditions. 
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a) Impeller A 

  

b) Impeller B 

Figure 4 Illustration of the physical model, components layout  

and base dimensions of the model assembly 

 

Figure 5 Impeller design 

The principle of physical modelling was aimed at capturing molten mass degassing intensity and analysing 

how the harmful gas content decreases with various parameter values under laboratory conditions. For this 

purpose, it was necessary to choose appropriate media that would preserve dynamic similarity between the 

model and the actual work. Therefore, molten aluminum was replaced with water and the hydrogen to be 

removed was replaced with oxygen. To give a better idea, basic characteristics of molten aluminum and model 

media are presented in Table 1. 

Table 1 Properties of molten aluminum and model media 

Parameter Aluminum Water Oxygen 

Temperature (°C) 750 20 20 

Density (kg∙m-3) 2345 998.2 1.299 

Dynamic viscosity (kg∙m-1∙s-1) 1.200∙10-3 1.003∙10-3 0.019∙10-3 

Kinematic viscosity (m2∙s-1) 0.51∙10-6 1.01∙10-6 14.77∙10-6 

Table 2 presents operating conditions of the molten aluminum refining process; these conditions were used 

as a basis to determine the physical modelling conditions for the studied impeller types. Based on these 

conditions, laboratory experiments using the physical model were defined and carried out in order to describe 

the effects of key refining process variables on molten mass degassing intensity. The actual parameters and 

conditions of individual experiments using the FDU physical model were designed in cooperation with 

technologists of the Die-casting Division of MOTOR JIKOV Slévárna (Foundry) a.s. Basic parameters taken into 

account when defining the model variants included: impeller type, working height, number of baffles, rotation 

frequency, and the inert gas (Ar) flow rate. 

Table 2 Definitions of model parameters 

* Included to allow efficiency comparison with the other impeller type 

Parameter 

Impeller A Impeller B 

Operating 
conditions 

Physical 
model 

Operating 
conditions 

Physical 
model 

Working height of impeller (mm) 200 150* 150 150 

Number of baffles (pc) 1 1 1 1 

Refinement time (s) 180 180 180 180 

Rotation frequency (rpm) 350 325 to 400 375 325 to 400 

Inert gas type (×××) Nitrogen Argon Nitrogen Argon 

Inert gas flow rate (Nl·min-1) 17 13 to 19 15 13 to 19 
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The presented research focused on describing the effect of impeller shape on degassing intensity. Two 

impeller types were chosen for this purpose (see Figure 5). The efficiency of each impeller was verified under 

different parameter settings, and therefore variants of experiments with different rotation frequencies and inert 

gas flow rates were defined for each. In order to verify the impact of the impeller shape on degassing intensity, 

16 experiment variants were carried out for each impeller type, whose parameters are presented in Table 3. 

Table 3 Definitions of modelled variants - impellers A and B 

Working height (mm) 150 

Baffles (pc) 1 

Rotation frequency (rpm) 325 350 375 400 

Argon flow rate (Nl∙min-1) 13 15 17 19 13 15 17 19 13 15 17 19 13 15 17 19 

3. RESULTS AND DISCUSSION 

Experiments using the physical model provided time dependence of oxygen concentration decrease in water, 

illustrated in Figure 6 and Figure 7. Considering the quality of the results, only selected graphs are provided 

below, demonstrating the effect of changes in impeller rotation frequency and inert gas flow rate. To give an 

idea, Figure 6 and Figure 7 show concentration curves measured at 350 and 400 rpm and various argon flow 

rates for both impeller types. Clearly, the process of oxygen removal from water is accelerated as the flow rate 

of argon increases. An increase of rotation frequency of the impeller had a similar effect, as well. 

  

Figure 6 Concentration curves measured on the physical model - impeller A  

- change of argon flow rate and rotation frequency 

  

Figure 7 Concentration curves measured on the physical model - impeller B  

- change of argon flow rate and rotation frequency 
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The curves above were used as the basis to assess impeller efficiency. Under operating conditions, the 

duration of molten aluminum refining is 180 s. Thus in accordance with operating conditions, the physical 

modelling results were analysed after 180 s of degassing (as indicated in Figure 6 and Figure 7). The results 

are presented in Figure 8, which shows oxygen concentration values in water after 180 s of degassing under 

various conditions. As follows from the results, of the two studied impellers, impeller A shows the lowest oxygen 

concentration values in water after 180 s under any combination of the defined conditions. Thus it can be 

stated that impeller A provides higher degassing efficiency compared to impeller B. 

 

Figure 8 Comparison of measured values of oxygen concentration after 180 s of deoxygenation for impeller A and B 

4. CONCLUSIONS 

A physical model of the FDU refining unit was constructed for the model-based study of molten aluminum 

degassing. The model was used for experiments in order to compare various types of graphite impellers in 

terms of their efficiency of oxygen removal from water. The defined conclusions can be summarized as follows: 

 Experiment variants were defined for each of the impeller types A and B to determine degassing efficiency. 

Impeller efficiency was mapped in a wider range of operating parameters. Impeller rotation frequency was 

defined in the range of 325 to 400 rpmand argon flow rate in the range of 13 to 19 Nl∙min-1. 

 Evaluation of the results revealed an impact on impeller rotation frequency and argon flow rate on 

degassing efficiency. While increasing rotation frequency under constant argon flow rate, oxygen 

concentrations in water achieved after 180 s of degassing were decreasing. 

 The impact of argon flow rate was similar. With increased argon flow rate under constant rotation 

frequency, lower oxygen concentrations in water were achieved after 180 s of degassing in the physical 

model. 

 In all tested parameter combinations, impeller A achieved lower oxygen concentrations in water after 

180 s of degassing in the physical model. Thus it can be stated that impeller A provides a higher 

degassing efficiency compared to impeller B. 

In further research stages, the results will be tested and verified in the FDU operating unit at MOTOR JIKOV 

Slévárna (Foundry) a.s. 
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Abstract 

Many industries desire to use aluminum alloys due to their properties, including low weight, good strength 

properties, corrosion resistance and good castability. This growing popularity of aluminum alloys increases the 

requirements for their purity and hence any associated structural defects and degradation of casting properties. 

Degraded properties of aluminum alloy castings are associated with, among other things, the presence of 

dissolved hydrogen. Mostly, hydrogen is removed from aluminum alloys by the FDU refining unit. Several 

variable parameters, which provide room for optimizing the process and increasing the degassing efficiency, 

characterize this technology. This paper focuses on research and optimization of refining technology at the 

FDU. Experiments using a physical model were performed to describe the effect of defined operating 

parameters on degassing intensity. Based on the experiments, combinations of operating parameters selected 

for testing in operational conditions were proposed. 

Keywords: Aluminum, physical modelling, refinement process, FDU, metallurgy 

1. INTRODUCTION 

Various phases (e.g. metal and non-metal inclusions, gases) are produced in the manufacture and processing 

of aluminum alloys; these phases degrade the casting properties. Hydrogen is a harmful gas that has a negative 

impact on the properties of castings made of aluminum and its alloys [1-4]. In the course of solidification, hydrogen 

is excluded from the metal and forms gaseous H2 molecules that cause porosity in castings [5]. 

The adverse effect of hydrogen is caused by its different solubility in the liquid and solid phase. This is 

demonstrated by temperature dependence of hydrogen solubility in aluminum and its alloys illustrated in 

Figure 1 [2-4]. As can be seen, hydrogen solubility in the liquid phase is relatively high, and as the temperature 

decreases, its solubility is considerably reduced. A similar trend can also be observed in the case of hydrogen 

solubility in aluminum alloys [6]. When the hydrogen content in the metal exceeds the value corresponding to 

its solubility, hydrogen starts escaping from the metal by diffusion or in the form of gaseous bubbles, often 

leading to defects in the castings and degradation of their quality. 

Introduction of an inert gas into the molten mass and hydrogen diffusion into the inert gas bubbles is one of 

the most common ways of removing hydrogen from aluminum alloys at foundry plants. The theoretical basis 

of this refining process was described by authors of the studies [2-4]. Under operating conditions, this method 

is often implemented using an FDU (Foundry Degassing Unit) refining system [7]. The FDU unit is composed 

of several components. Components that have an immediate impact on refining of the molten mass include 

an impeller with a hollow shaft and a baffle (see Figure 2). The shaft and the impeller are used to introduce 

an inert gas (nitrogen, argon) into the molten mass; through the action of rotation of the impeller, thegas is 

broken into bubbles. Subsequently, hydrogen dissolved in the alloy diffuses into the bubbles. Additionally, the 
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impeller has an impact on the flow in the pan and facilitates hydrogen transport to the phase interface with the 

inert gas bubble [8]. The very small gas bubbles and intensive agitation of the molten mass ensure rapid and 

efficient degassing, removal of impurities and reduction of the content of non-metal inclusions [2-4]. The refining 

principle at FDU unit is illustrated in Figure 3. TheFDU unit is characterised by a variability of process 

parameters; by changing these parameters, it is possible to affect the course and efficiency of the refining 

process [9-14]. These parameters include the impeller type, rotation frequency, working height, inert gas flow 

rate and the number of baffles. 

   

Figure 1 Hydrogen solubility in 

molten aluminum [1-4] 

Figure 2 Illustration of graphite 

impeller and baffle 

Figure 3 Principle of refinement 

process by the FDU unit [7] 

This paper explored degassing at the FDU unit used in the conditions of the Die-casting Division at MOTOR 

JIKOV Slévárna (Foundry) a.s. as a refining technology of aluminum alloys in the process of high-pressure and 

low-pressure casting. The objective of the research was to optimise selected operating parameters with respect 

to increasing the efficiency of degassing at the FDU unit. The research was done through physical modelling 

whose results were used to propose optimised FDU parameters intended for testing under operating conditions. 

2. DESCRIPTION OF PHYSICAL MODEL AND EXPERIMENTAL METHODOLOGY 

A water-based physical model of the refining system was constructed for the purpose of physical modelling of 

aluminum alloy degassing at the Environmental Research Department of the Institute of Technology and 

Business in České Budějovice (see Figure 4). The physical model was constructed according to the FDU unit 

used at MOTOR JIKOV Slévárna (Foundry) a.s. Essential components of the system include a plexiglass 

vessel (refining pan model), graphite impeller, baffle and optic probes to measure oxygen concentration in 

water. In order to respect geometric conformity of the model and the work, the model vessel was manufactured 

in the 1:1 ratio with respect to the operating pan. The impeller and the baffle (see Figure 2 and Figure 5) are 

standard components used in operating conditions. 

  

 

 

Figure 4 Illustration of the physical model, components layout  

and base dimensions of the model assembly 

Figure 5 Impeller design 
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The principle of physical modelling was aimed at capturing molten mass degassing intensity and analysing 

how the harmful gas content decreases with various parameter values under laboratory conditions. For this 

purpose, it was necessary to choose appropriate media that would preserve dynamic similarity between the 

model and the actual work. Therefore, molten aluminum was replaced with water and the hydrogen to be 

removed was replaced with oxygen. To give a better idea, basic characteristics of molten aluminum and model 

media are presented in Table 1. 

Table 1 Properties of molten aluminum and model media 

Parameter Aluminum Water Oxygen 

Temperature (°C) 750 20 20 

Density (kg∙m-3) 2345 998.2 1.299 

Dynamic viscosity (kg∙m-1∙s-1) 1.200∙10-3 1.003∙10-3 0.019∙10-3 

Kinematic viscosity (m2∙s-1) 0.51∙10-6 1.01∙10-6 14.77∙10-6 

Table 2 presents operating conditions of the molten aluminum refining process; these conditions were used 

as a basis to determine the physical modelling conditions for the studied impeller type. Based on these 

conditions, pilot physical modelling was performed to verify the methodology. Subsequently, laboratory 

experiments using the physical model were defined and carried out in order to describe the effects of key 

refining process variables on molten mass degassing intensity and identify an optimum combination of these 

parameters for testing under operating conditions. The actual parameters and conditions of individual 

experiments using the FDU physical model were designed in cooperation with technologists of the  

Die-casting Division of MOTOR JIKOV Slévárna (Foundry) a.s. Basic parameters taken into account when 

defining the model variants included: impeller type, working height, number of baffles, rotation frequency, and 

the inert gas (Ar) flow rate. 

Table 2 Comparison of operating conditions with the physical model 

Parameter Operating conditions Physical model conditions 

Working height of impeller  160 mm 160 mm 

Number of baffles 1 1 

Refinement time 180 s 180 s 

Rotation frequency 350 rpm 350 rpm 

Inert gas type Nitrogen Argon 

Inert gas flow rate 17 Nl·min-1 17 Nl·min-1 

In the first phase of research, attention was focused on the effect of the rotation frequency and inert gas flow 

rate. Variants with changing values of these parameters and their combinations, feasible for actual operation, 

were defined in order to describe the effect of rotation frequency of the impeller and argon flow rate. In total, 

30 experiment variants were defined and performed for the studied impeller type while preserving the working 

height and using one baffle. The parameters of these experiments are shown in Table 3. 

Table 3 Settings of modelled variants (working height: 160 mm, baffles: 1 pc)   

Rotation 
frequency (rpm) 

300 325 350 375 400 425 

Argon flow rate 
(Nl∙min-1) 

13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 
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3. RESULTS AND DISCUSSION 

Experiments performed using the physical model provided curves of oxygen concentration decrease in water. To 

give an idea of the course, efficiency and characteristics of the processes, results representing oxygen 

concentration decrease during refining under different flow rates of the inert gas and rotation frequencies were 

chosen according to the variants proposed in Table 3. In order to demonstrate the effect of the rotation frequency, 

Figure 6a shows concentration curves measured under constant argon flow rate of 17 Nl∙min-1and variable 

rotation frequency values from 300 to 425 rpm. Clearly, when the argon flow rate is preserved and the rotation 

frequency increases, the elimination of oxygen from water becomes faster. A similar effect is achieved when the 

argon flow rate is increased while preserving the same rotation frequency value as can be seen in Figure 6b. To 

give an idea of the flow characteristics in the physical model with changing parameter values, Figure 7 shows 

selected photographs of the physical model made during the degassing process. 

  
a) Effect of rotation frequency b) Effect of Ar flow rate 

Figure 6 Illustrative results measured using the physical model - concentration curves 

   

a) Parameters: 13 Nl∙min-1, 300 rpm b) Parameters: 13 Nl∙min-1, 350 rpm c) Parameters: 13 Nl∙min-1, 400 rpm 

   

d) Parameters: 17 Nl∙min-1, 300 rpm e) Parameters: 17 Nl∙min-1, 350 rpm f) Parameters: 17 Nl∙min-1, 400 rpm 

   

g) Parameters: 21 Nl∙min-1, 300 rpm h) Parameters: 21 Nl∙min-1, 350 rpm i) Parameters: 21 Nl∙min-1, 400 rpm 

Figure 7 Visualization of flow characteristics in the physical model 
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The presented results provide an idea of the impact of individual parameters on oxygen concentration 

decrease in water. Different settings of the process parameters achieve different degassing intensities. In order 

to assess degassing intensity using various combinations of the studied parameters, individual variants were 

plotted in Figure8. This graph shows oxygen concentration achieved after 180 s of degassing, which is the 

duration of refining at the FDU unit under operating conditions (see Table 2). The lower the concentration 

achieved in the experiment, the more intensive degassing process is assumed. The graph also includes variant 

⑯ with standard parameters used under operating conditions (350 rpm, 17 Nl∙min-1), resulting in oxygen 

concentration decrease from 22 ppm to 5.65 ppm after 180 s. 

 

Figure 8 Quantitative efficiency values of defined experiments ordered according to  

concentration reached after 180 s of the degassing process 

The graph indicates three routes that could theoretically lead to higher degassing intensity within the 

determined time interval of 180 s. The first option consists in increasing the impeller rotation frequency while 

preserving the inert gas flow rate 17 Nl∙min-1. When the rotation frequency was increased from 350 rpm 

(variant⑯) to 375 rpm (variant⑪),oxygen concentration decreased by approx. 0.72 ppm. Upon a further 

increase of the rotation frequency to 400 rpm (variant⑥),oxygen concentration decreased by 1.38 ppm 

compared to the operating variant ⑯. An additional increase of rotation frequency to 425 rpm (variant⑤) had 

no considerable effect in terms of a further decrease of oxygen concentration. The second option consists in 

increasing the inert gas flow rate while preserving a constant rotation frequency of 350 rpm. However, this 

option seems less efficient. When the flow rate was increased from 17 Nl∙min-1 (variant⑯) to the highest value 

of 21 Nl∙min-1 (variant⑩),oxygen concentration was decreased by 1.01 ppm compared to the operating 

variant. A similar result was achieved after increasing the rotation frequency to 375 rpm and argon flow rate to 

19 Nl∙min-1 (variant ⑨) at the same time, which is the third option. A combined effect of increasing the argon 

flow rate and the rotation frequency started to be more noticeable only with variant ④with 400 rpm and 19 

Nl∙min-1. Despite that, the combined change of the parameters did not provide a considerable decrease of the 

concentration below the value of variant ⑥with 400 rpm and 17 Nl∙min-1. 

CONCLUSIONS  

An experimental study of the molten aluminum degassing process at the FDU unit was undertaken at the 

Environmental Research Department of the Institute of Technology and Business in České Budějovice using 

a physical model. The defined conclusions can be summarized as follows: 

 A physical model of the FDU refining unit was constructed; the model was made according to the FDU 

unit used at the Die-casting Division of MOTOR JIKOV Slévárna (Foundry) a.s. 
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 Based on operating conditions of the FDU unit, basic parameters of the physical model were defined 

and experiments were designed aimed at verifying the impact of changes in the impeller rotation 

frequency and in the inert gas flow rate on oxygen concentration decrease in water. In total, 30 

experiment variants were proposed and implemented. 

 An increase of the rotation frequency while maintaining a constant inert gas flow rate was manifested 

by an increased oxygen removal from water. It is recommended to increase the rotation frequency up 

to 400 rpm. A further increase above this value provides no added considerable effect. 

 An increase of the inert gas flow rate while maintaining a constant rotation frequency of the impeller 

accelerates oxygen removal from water. However, the effect is not as distinct as when the impeller’s 

rotation frequency is increased. 

 Oxygen removal from water can also be accelerated through a combined change of the rotation 

frequency and inert gas flow rate. A positive impact of these parameters in terms of an oxygen 

concentration decrease was apparent only at 400 rpm and at inert gas flow rate of 19 Nl∙min-1. However, 

similar concentrations can be achieved merely by changing the rotation frequency of the impeller. 

 Based on the achieved results, variants with rotation frequencies 350 to 400 rpm and inert gas flow rates 

17 and 19 Nl∙min-1 are recommended for testing under operating conditions. 
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Abstract 

The Foundry Degassing Unit for aluminum melt refining uses graphite components which, due to the action of 

the melt, degrade and lose their original shape. The shape of the impeller can have a significant effect on the 

efficiency of refining. This paper presents the study of the aluminum melt refining process efficiency depending 

on the degree of impeller wear. Operational experiments were performed to map degassing efficiency in 

defined phases of the impeller life. The efficiency was assessed by the Dichte Index which represents the 

degree of degasification of the melt after refining. It turned out that the new impeller released moisture into the 

melt, resulting in reduced impeller efficiency. The impeller achieved more than 90 % efficiency in the following 

stages of its life. 

Keywords: Aluminum, aluminum refinement, FDU, impeller wear, Dichte Index 

1. INTRODUCTION 

Nowadays, FDU (Foundry Degassing Unit, see Figure 1) refining systems are largely used to refine aluminum 

alloys [1]. This unit is an automated metal treatment system for environmentally friendly degassing (hydrogen 

removal) and purification of aluminum alloys. FDU units utilize the principle of a blower with a patented impeller. 

The principle of refining consists in forcing an inert gas using a shaft with the impeller into the bottom part of 

the pan. The impeller divides the inert gas into fine bubbles and mixes them with the molten mass. 

As mentioned above, one of the functions of the impeller is to disperse 

the argon flow into small bubbles [2,3]. The smaller the bubbles, the 

greater the overall specific surface area of the bubbles in the molten 

mass and thus the more intensive degassing is achieved [4,1]. 

Additionally, smaller bubbles exhibit a longer time of retention in the 

molten mass, thereby providing more opportunity for hydrogen to 

diffuse into the bubbles [5]. The degassing kinetics is also supported by 

the turbulent flow induced by the impeller. The turbulent flow ensures 

agitation of the molten mass; this accelerates hydrogen transport from 

the molten mass to the molten mass-bubble interface [6]. These 

hydrodynamic parameters can be modified by changing not only the 

rotation frequency, but also the shape and position of the impeller. 

Clearly, the impeller is an important component that can have an 

impact on refining efficiency. The life of the impeller is very closely 

related to optimisation of the refining process. Particularly, impellers 

 

Figure 1 Foundry degassing unit [1] 
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made of graphite tend to degrade in time due to oxidization at higher temperatures and abrasion. Scaling of 

graphite particles off the impeller has a negative impact on molten aluminum purity after the refining process. 

The loss of graphite has a negative impact, as well, as the impeller’s shape changes due to abrasion and 

oxidization with an increasing number of performed cycles, which may have a negative effect on refining 

efficiency. 

Based on the above, the idea was formulated to study the graphite impeller in various stages of life in order to 

describe any changes in efficiency of the refining process due to impeller wear. This paper summarizes the 

research methods and the results. 

2. TECHNOLOGICALPROCEDURE OF HIGH-PRESSURE CASTING PRODUCTION 

The molten aluminum alloy is made in the gas melting furnace STRIKO 

MH II-T 2000/1000. A preheated pan is used to transport the liquid metal. 

In the next step, refining is performed using a degassing unit where an 

inert gas (nitrogen under operating conditions) is blown into the molten 

mass using a graphite impeller. Very fine gas bubbles and intensive 

agitation of the molten mass ensure rapid and efficient degassing, removal 

of impurities and reduction of the content of non-metal inclusions. The 

molten mass is treated in the FDU unit ROTO-STATIV 1-5201 of 

FOSECOas illustrated in Figure 2. Technological parameters of the 

molten mass refining process for high-pressure casting are as follows: 

 Degassing duration → refining for 3 minutes 

 Rotation frequency of the impeller → 300 to 350 rpm 

 Nitrogen flow rate → 15 to 17 l·min-1 

High-pressure casting using COLOSIO PFO1000 systems is the laststep. 

In this process, the molten alloy is injected into the cavity within a metal 

die using a high pressure, up to 250 MPa. 

3. OPERATING TESTS 

The presented research was focused on assessing refining efficiency at the FDU unit with various degrees of 

wear of the graphite components using the following steps: 0 %, 25 %, 50 %, 75 % and 100 %. A standard 

impeller supplied by FOSECO, used for molten aluminum refining at the FDU unit of the Die-casting Division 

at MOTOR JIKOV Slévárna (Foundry) a.s., was chosen to test the efficiency under various degrees of wear. 

For the purpose of operating tests, technological parameters were defined for the refining process at the FDU 

unit; these are presented in Table 1 together with an illustration of the impeller. 

Table 1 Settings of technological parameters of the impeller refining cycle 

Refining process parameters Impeller illustration 

Material Graphite 

 
 

Refining duration 180 s 

Rotation frequency 350 rpm 

Nitrogen flow rate 17 l∙min-1 

Working height 160 mm 

 
a) Course of the refining process 

 
b) End of the refining process 

Figure 2 Degassing FDU unit 

ROTOR-STATIV 1-5201 
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Impeller life stages were defined in advance for the purpose of its testing; the stages were gradually mapped 

by performing operating tests at MOTOR JIKOV Slévárna (Foundry) a.s. The life of the impeller was assessed 

according to the number of performed refining cycles at the FDU unit (1 cycle = 1 processed melt). According 

to information from the manufacturer and based on experience of the foundry technologists, the standard life 

of an impeller is approx. 1200 cycles. This value corresponded to 100 % wear of the impeller. Other wear 

stages of the impeller were derived from its maximum life, i.e. the 1200 cycles. The operating tests and impeller 

wear values in individual experiment series are presented in Table 2. To give an idea of the wear degree, 

Figure 3 shows photographs of impellers with corresponding wear. As determined based on 3D scanning of 

three worn impellers, the material loss ranges between 22 % to 27 %. 

     

a) Wear 0 % b) Wear 25 % c) Wear 50 % d) Wear 75 % e) Wear 100 % 

Figure 3 Illustration of gradual wear of the impeller and shaft 

Table 2 Course of operating tests and the impeller wear values 

Experiment series Impeller wear Cycles 

 

I 0 % 0× 

II 25 % 360× 

III 50 % 651× 

IV 75 % 878× 

V 100 % 1,152× Figure 4 3VT LC system 

Efficiency of the molten aluminum refining process was assessed by determining the hydrogen (gas) level in 

the molten mass before and after refining at the FDU unit. The gas content is usually determined using the so-

called double weighing method that provides the Dichte Index (DI). The method is based on comparing the 

density of a molten mass sample solidified at atmospheric pressure and that of a sample solidified under partial 

vacuum. The 3VT LC system of mk AL-SCHMELZE-MESSTECHNIK was used in the operating experiments 

to evaluate the gas level (see Figure 4). Thus, samples were taken from each melt and the Dichte Index (DI) 

value was determined for each sample in order to assess the molten mass gas content. At many aluminum 

alloy foundries, the complex method of DI determination is implemented only partially: instead of performing 

the entire calculation of DI in the scope of operating tests of the aluminum alloy samples, it is only checked 

whether the density value of samples solidified under partial vacuum exceeds 2.6 g.cm-3. In the course of 

evaluating the results, attention was focused on this parameter, as well. An illustration of samples intended for 

gas content analysis, collected before (FDUstart) and after refining (FDUfinish), is shown in Figure 5. 
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a) FDUstart → DI = 10.79 %; ρstart = 2.3935 g·cm-3 b) FDUfinish → DI = 0.62 %; ρfinish= 2.6875 g·cm-3 

Figure 5 Illustration of samples used to determine the gas content 

4. RESULTS AND DISCUSSION 

The Dichte Index values achieved before (FDUstart) and after the molten mass refining process (FDUfinish) are 

plotted in Figure 6. Clearly, the molten mass contains an increased amount of hydrogen before refining. This 

fact is supported by higher DI mean values at FDUstart that range between 10.97 % to 8.96 %. In the course of 

refining, the hydrogen content in the molten mass decreased, which was manifested by a DI reduction to the 

mean values of 3.23 % to 0.38 %. As illustrated by Figure 6, a less significant decrease of the DI value was 

achieved after refining (FDUfinish) in the case of the impeller 0 % wear series. As regards this experiment series, 

a higher value of DI can be attributed to impeller moisture that is released into the molten mass at higher 

temperatures and increases the hydrogen content. 

  

a) Comparison of achieved Dichte Index values →DI 

  

b) Comparison of achieved Dichte Index values→ DI using the box plot 

Figure 6 Dichte Index (DI) results for various impeller wear degrees 

Density of samples solidified under vacuum ρsam,vac was another one of the evaluated parameters (see 

Figure 7). As can be observed, ρsam,vac <2.6 g.cm-3 for all collected samples before refining (FDUstart). 

Specifically, ρsam,vac before refining ranged between the mean values of 2.38 and 2.44 g.cm-3. In the course of 

refining, the hydrogen content decreased and the sample density increased to 2.61 to 2.69 g.cm-3 on average. As 

regards the 25 % to 100 % wear series, the density of all samples exceeded 2.6 g.cm-3 and thus it can be stated 
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that the molten mass was sufficiently degassed. An increased amount of hydrogen could be observed in the 0 % 

wear series samples again. Density values of this series are low, and samples whose density did not reach the limit 

value of 2.6 g.cm-3 could also be identified. 

  

a) Comparison of achieved sample density values → ρsam,vac 

  

b) Comparison of achieved sample density values→ ρsam,vac using the box plot 

Figure 7 Sample density ρsam,vac at various impeller wear degrees 

The graph shown in Figure 8, also based on DI results, shows percentage reduction of the Dichte Index value 

after refining (FDUfinish) with respect to its initial value (FDUstart). For the research purposes, this percentage 

value was identified as molten aluminum refining efficiency at the FDU unit. 

 

Figure 8 Percentage impeller efficiency in the course of its life 

As clearly follows from Figure 8, the impeller exhibits refining efficiency over 90 % for melt series with 25 % 

to 100 % wear. For the series with 0 % wear, impeller A reached 63.9 % efficiency. Such a low value was 

caused by the above mentioned moisture of the new impeller that results in hydrogen release into the molten 

mass during the refining process. Across individual series of impeller A, an interesting trend in DI values 
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achieved after refining was also observed - refining efficiency of the molten aluminum increased together with 

increasing wear. 

5. CONCLUSIONS 

The paper describes the study of FDU refining efficiency depending on impeller wear. Operating tests were 

performed for this purpose at the Die-casting Division of MOTOR JIKOV Slévárna (Foundry) a.s., focused on 

determining the hydrogen content in molten aluminum. The following conclusions were made based on the 

test results: 

 Considerable wear occurs while the impeller is used at the FDU refining unit. An impeller with 100 % 

wear showed an almost complete loss of its original shape. 

 Evaluation of the operating tests revealed problems with moisture when new graphite impellers are used 

with 0 % wear; this resulted in insufficient degassing of the molten mass. The molten mass thus failed 

to reach the determined quality level, which was negatively reflected in the observed parameters. 

Additionally, degassing efficiency was only 63.9 %. The problem with moisture of graphite components 

with 0 % wear can be minimised by their preheating. 

 Other series with 25 % to 100 % wear reached observed parameter values that clearly indicated a high 

efficiency of the refining process. In all these series, degassing efficiency was 90 % at the minimum. 

 Across individual series, an interesting trend in degassing efficiency was also observed. Degassing 

efficiency of the molten aluminum increased with increasing wear of the impeller. However, further study 

is needed to confirm this finding. 

ACKNOWLEDGEMENTS   

The paper was prepared under the support of the Technology Agency of the Czech Republic within 
the scope of the EPSILON programme, as part of projects Reg. No. TH04010449 “Research and 

development of refining technologies for increasing of quality of aluminum alloys  
for high-performance quality castings”. 

REFERENCES 

[1] FDU Foundry Degassing Unit. Vesuvius: Melt treatment products for aluminum, copper, magnesium and zinc 

alloys [online]. [cit. 2021-6-4]. Available from: 
https://www.vesuvius.com/content/dam/vesuvius/corporate/Our-solutions/our-solutions-master-

english/foundry/non-ferrous-foundry/melt-treatment/brochures/FDU-e.pdf.downloadasset.pdf 

[2] GOMÉZ, E.R., ZENIT, R., RIVERA, C.G. et. al. Mathematical modeling of fluid flow in a water physical model of an 

aluminum degassing ladle equipped with an impeller-injector. Metallurgical and Materials Transactions B. [online]. 
2013, vol. 44B, pp. 423-435. Available from: https://doi.org/10.1007/s11663-012-9774-8. 

[3] HERNÁNDEZ-HERNÁNDEZ, M., CAMACHO-MARTÍNEZ, J.L., GONZÁLEZ-RIVERA, C. et al. Impeller design 
assisted by physical modeling and pilot plant trials. Journal of Materials Processing Technology. [online]. 2016, vol. 

236, pp. 1-8. Available from: https://doi.org/10.1016/j.jmatprotec.2016.04.031. 

[4] ROUČKA, J. Metallurgy of non-ferrous alloys, Brno: Academic publishing house, 2004. 

[5] WARKE, V. S., TRYGGVASON, G., MAKHLOUF, M.M. Mathematical modeling and computer simulation of molten 
metal cleansing by the rotating impeller degasser: Part I. Fluid flow. Journal of Materials Processing Technology. 

[online]. 2005, vol. 168, no. 1, pp. 112-118. Available from: https://doi.org/10.1016/j.jmatprotec.2004.10.017. 

[6] MYSLIVEC, T. Physico-chemical bases of steel industry. Prague: SNTL, 1971. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1179 

MICROSTRUCTURE OF SELECTIVE LASER MELTED TITANIUM LATTICES AND IN VITRO 

CELL BEHAVIOUR 

1,2Laura HERNÁNDEZ-TAPIA, 1Azalia Mariel CARRANZA-TREJO, 1Adelia KASHIMBETOVA, 
1Serhii TKACHENKO, 2Zuzana KOLEDOVÁ, 3Daniel KOUTNÝ, 3Martin MALÝ, 1Ladislav ČELKO, 

1Edgar B. MONTUFAR 

1CEITEC - Brno University of Technology, Brno, Czech Republic, EU, eb.montufar@ceitec.vutbr.cz 

2Faculty of Medicine, Masaryk University, Brno, Czech Republic, EU, koledova@med.muni.cz 

3Faculty of Mechanical Engineering, Brno University of Technology, Brno, Czech Republic, EU, 

daniel.koutny@vut.cz 

https://doi.org/10.37904/metal.2021.4259 

Abstract 

Selective laser melting (SLM) is a metal additive manufacturing technology that allows the fabrication of 

complex near-net-shape titanium parts. Among possible applications, titanium is important for the biomedical 

sector, in particular for orthopaedics due to its low elastic modulus, biocompatibility, high mechanical strength 

and corrosion resistance. Several studies show the structural properties and mechanical behaviour of titanium 

lattices that in parallel exhibited the porosity, mechanical strength and elastic modulus of trabecular bone. 

However, less attention has been devoted to study the biological response to titanium parts fabricated by SLM. 

Therefore, this work aimed to fabricate commercially pure titanium lattices by SLM and study the behaviour of 

bone-forming cells cultured on the lattices. The results show that Saos-2 osteoblast-like cells proliferated and 

covered the entire available surface of the titanium lattices becoming confluent and quiescent. The activity of 

alkaline phosphatase and the production of extracellular calcium deposits confirmed the growth of viable and 

mature osteoblasts. The cytocompatibility of the titanium lattices is an additional advantage that adds to the 

possibility to mimic the porosity and mechanical properties of bone by computer-aided design and 

subsequently implement the lattice fabrication by SLM, fitting the requirements of individual patients and, 

consequently, offering a broad range of new bone repair alternatives in orthopaedics. 

Keywords: Selective laser melting, titanium, microstructure, osteoblast, cytocompatibility 

1. INTRODUCTION 

Selective laser melting (SLM) is a powder bed fusion metal-based additive manufacturing technology. The 

process consists of spreading a homogeneous layer of a metallic powder on the printing platform and 

afterwards lasers selectively melt the powder following a scanning path generated in silico specifically to build 

one cross-section of the object. The laser completely melts the powder, producing a solid and dense layer 

after solidification. Then, the printing platform lowers by the equivalent of one layer thickness, followed by 

automatic spreading of a new powder layer to build the next cross-section. The process is repeated layer by 

layer until the object is finalized. The whole process is performed under a protective inert gas atmosphere to 

prevent unwanted chemical reactions of the metal. Following these steps, SLM builds efficiently complex near-

net-shapes requiring little finishing, normally only the removal of the excess powder. Computer-aided design 

provides flexibility for the generation of the virtual model of the object and a specialized software provided with 

the SLM device mathematically slices the file and optimizes the paths of the lasers to prevent distortions due 

to thermal gradients, while it minimises the processing time. Several objects, even with different geometry and 

size, can be fabricated in parallel providing they fit in the area of the printing platform. The most commonly 
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processed materials by SLM are steel, titanium and aluminium [1]. Titanium is in particular relevant for 

orthopaedic applications because it has high corrosion resistance, is biocompatible, and exhibits an elastic 

modulus closer to the elastic modulus of bone and below the modulus of other implantable metallic materials 

[2]. Therefore, titanium reduces the risk for the stress-shielding effect, which is one of the principal causes of 

implant failure due to bone resorption at the implant-bone interface [3]. In addition to its intrinsic low elastic 

modulus, the stiffness of titanium can be further reduced, down to the level of the trabecular human bone, by 

the fabrication of open porous structures, normally referred to as lattices in structural engineering or scaffolds 

in the field of tissue engineering. Complex titanium lattices have been built by SLM including fully triangulated 

lattices [4], triply periodic minimal surface structures [5], and functionally graded porous scaffolds [6]. Most of 

these studies provide the microstructural characterization and the evaluation of the mechanical performance 

of the structures, without addressing the biological behaviour. Consequently, the objective of this work was to 

produce commercially pure titanium lattices with an orthogonal grid pattern by SLM to study in vitro the 

proliferation, morphology, and maturation of bone-forming cells, osteoblasts. Monotonic and preliminary cyclic 

sinusoidal mechanical test were also performed. 

2. MATERIALS AND METHODS 

Commercially spherical pure titanium powder (ASTM Grade 1; TLS-Technik, Germany) was used for sample 

fabrication by SLM. The geometry of the samples was generated by computer-aided design, consisting of disc-

lattices with a Cartesian grid pattern, with a diameter of 10 mm and a height of 3 mm. The diameter of the 

struts forming the grid was set to 300 μm (pore size in the printing plane of 500 μm). Samples were fabricated 

with a SLM 280 HL machine (SLM Solutions AG, Germany) equipped with a 400 W ytterbium fibre laser with 

a Gaussian profile (YLR-400-WC-Y11, IPG Photonics, USA), working in the continuous wave mode. The 

samples were produced on an 80 °C pre-heated platform, using laser power of 117 W, scanning speed of 225 

mm/s, hatch spacing of 90 μm, hatch offset of 20 μm, a layer thickness of 50 μm and laser spot size of 82 μm 

focused on the processing plane. High-purity argon was used as a protective gas at an over-pressure of 1.2 

to 2.0 kPa with an oxygen level of 0.1 to 0.3 vol%. Samples were cleaned in an ultrasonic bath, then dried at 

room temperature and finally sterilized by gamma irradiation before to their use in cell culture (35 KGy). One 

sample was prepared for metallographic observation following standard methods for titanium. The 

microstructure was observed by a light microscope. The yield strength and elastic modulus under compression 

were determined by universal testing machine (Instron 8874) at a crosshead speed of 1 mm/min. Besides, a 

preliminary cyclic sinusoidal mechanical test was performed under compression at the stress ratio R = 10 and 

maximum compressive stress of 102 MPa, i.e. 25 MPa above the yield strength of the lattices.  

The human osteosarcoma cell line Saos-2 with osteogenic properties was used for the cell culture studies. 

The cells were maintained in Dulbecco′s Modified Eagle′s medium supplemented with 10 % foetal bovine 

serum and antibiotics (50 U/ml penicillin and 50 μg/ml streptomycin). Sterile samples were placed in 24-well 

cell culture plates, pre-incubated in cell culture medium for 24 h, and then seeded with cells at a density of 

5×105 cells/sample. As a control, cells were seeded at a density of 1×104 cells/well directly on the cell culture 

plate. Cells were maintained in a 5 % CO2 humidified atmosphere at 37 °C for up to 14 days with a regular 

change of the medium. Cell morphology, cell number, cell metabolic activity, alkaline phosphatase (ALP) 

activity and mineralization were determined in triplicates after 7 and 14 days of culture. Before the assays, the 

samples were rinsed with phosphate buffer solution and transferred to a new well plate to avoid the interference 

of the cells growing at the bottom of the culture plate. Cell morphology was observed by scanning electron 

microscopy (SEM) in dehydrated samples fixed with 10 % formalin and coated with a nanometric carbon layer. 

Cell number was indirectly quantified as the total content of protein in the samples determined after cell lysis 

by Bradford assay. The cells in the samples were lysed with 1 ml of 0.1 % Triton X-100. Cell metabolic activity 

was evaluated using a resazurin assay, measuring the resorufin fluorescence (excitation at 560 nm, emission 

at 590 nm) after 2 h incubation of cell cultures with 10 μg/ml resazurin using Synergy H4 Hybrid multi-mode 

microplate reader (Bio-Tek). The ALP activity was quantified with a colorimetric assay kit as the p-nitrophenol 
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generated by the cell lysate during the assay. Optical absorbance was measured at 405 nm using a microplate 

reader and the results were normalized by cell lysate volume and time of reaction. Mineralization was 

quantified using Alizarin Red staining extraction in samples fixed with 10 % formalin. The samples were stained 

with 40 mM Alizarin Red after fixation. After 30 min the samples were washed with distilled water and the 

absorbed Alizarin Red staining was extracted with 1 ml of 10 % acetic acid. The optical absorbance of the 

extract was measured at 405 nm using a microplate reader. 

3. RESULTS AND DISCUSSION 

Figure 1 shows one titanium lattice fabricated by SLM. The lattice is an orthogonal grid with square-like pores 

between struts observed from the printing plane. The size of the pores, equivalent to the distance between 

adjacent struts in the same printing plane, was 550 µm, whereas the diameter of the struts was on average 

250 µm. The pore size is in the top part of the range considered optimal for the in vivo ingrowth of bone and 

vascularization [7]. The struts show a smooth top surface and rough lateral surfaces due to powder melting 

and powder particle adhesions, respectively. The thickness of the powder adhered to the struts was 

heterogeneous, varying between 10 to 150 µm, but on average showed a thickness around 60 µm. Moreover, 

the powder adhesions appear to be mechanically stable since they remained after cleaning the samples in the 

ultrasonic bath. Powder adhesions are considered as a defect in SLM because they decrease the quality of 

the surface finish, requiring a post-printing operation such as polishing for their removal. However, the removal 

of powder adhesions inside the lattices is not a simple task and other SLM parameters that create less amount 

of attached particles are required. The effects of the powder adhesions on the biocompatibility, osteogenicity 

and biomechanical performance of the titanium lattices are uncertain, and deserve to be studied in detail, this 

work addressing the challenge in vitro. 

 

Figure 1 Representative images of the titanium lattices fabricated by SLM, a) general view of the samples 

from the printing plane and b) detail of the struts forming the grid. Note the important amount of powder 

adhesions on the lateral surfaces of the struts 

Figure 2a shows that the microstructure of the titanium lattices corresponded to long acicular needles. The 

martensite-like morphology is typical for pure titanium processed by SLM due to the high cooling rate during 

solidification [8]. Therefore, the microstructure can be considered representative of other commercially pure 

titanium lattices produced by SLM. In addition, the microstructure shows pores with two different sizes, but 

presumably formed by the same mechanism, i.e. slightly high dynamic viscosity of the melt that in the position 

of pores prevent the liquid titanium to spread and coalescence on the previously processed layer [1]. Small 

spherical pores were more frequent in number and were homogeneously distributed, whereas larger pores of 

irregular shape and heterogeneous size and location were less frequent but they may account for the larger 

volume fraction. Struts with less porosity can be obtained by increasing the laser power to increase the 

temperature of the titanium melt, increasing the laser power may also help to melt the powder adhesions 

producing a smoother surface finishing of the struts. However, the relatively low fraction of pores (around 5 %) 

and the absence of non-melted powder particles inside the struts indicate that the laser power used in this 

work was close to the optimal power; an over-power should be avoided to prevent balling phenomena. 
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Figure 2 a) Microstructure of the titanium lattices fabricated by SLM and b) stress-strain hysteresis loops 

during cyclic testing 

The yield strength (76.8  1.1 MPa) of the lattices was high enough for the repair of load-bearing bone defects, 

and the effective elastic modulus (6.8  0.1 GPa) was within the stiffness range of trabecular bone (1-10 GPa), 

being adequate to avoid the stress shielding effect at the bone-implant interface. Despite progressing 

ratcheting (Figure 2b), the lattices were reliable under cycling loading, showing no evidence of permanent 

structural damage after 5x105 cycles, with the dissipated energy density stabilized at 10 kJ/m3 per cycle. 

Thus, it appears that the powder adhesions and pores inside the struts did not significantly reduce fatigue 

strength at the applied stress level, but their effect on fatigue behaviour should be analysed in future in more 

detailed studies. 

The quantification of the total content of protein in the samples shows that the number of Saos-2 cells increased 

between 7 and 14 days of culture (Figure 3a). The proliferation was higher in the titanium lattices than in the 

control (standard cell culture plate) as the protein content increases 3-fold against to 1.6-fold. The difference 

attributed to the larger area available in the lattices for cell proliferation in comparison to the limited area of the 

well of the cell culture plate. 

 

Figure 3 Osteoblasts proliferation, a) total content of protein and b) cell metabolic activity 

The cell metabolic activity increased with culture time in the control, reflecting the active proliferation of the 

cells and consequently their viability (Figure 3b). In contrast, the cell metabolic activity significantly decreased 

in the titanium lattices between 7 and 14 days of culture (Figure 3b). The reduction of the cell metabolic activity 

does not necessarily mean low cell viability or cell damage due to titanium. Cell dormancy is also a cause for 

low cell metabolic activity evaluated by the reduction of resazurin salt [9]. Furthermore, the quiescent state is 

one of the three possible final states for mature osteoblast becoming bone lining cells [10,11]. The other two 

alternatives are differentiation to osteocytes or apoptosis. Unlike proliferative osteoblasts, the bone lining cells 

have a slender and flat morphology in vivo characterising the quiescent bone surfaces [10]. 

The visualization of the cells growing in direct contact with the titanium lattices further confirmed the 

cytocompatibility of the material (Figure 4). The cells did not show apoptotic morphology. In contrast, they 
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were spread on the struts. Cells were mostly located at the powder adhesion at day 7, but also some cells 

were located on the smooth part of the struts (Figures 4a-c). The number of visible cells increased on day 14 

when the cells covered the entire available surface, becoming confluent (Figures 4d-f). It is clear from the 

colonization of the struts that the lattices were not harmful to the cells. Therefore, the low number of cells in 

the active cell division cycle explains the reduction of the cell metabolic activity. Moreover, the cells showed 

different morphology depending on the zone of the struts where they had grown. The morphology of the cells 

mimicked the morphology of the bone lining cells in the smooth part of the struts, i.e. the cells were spread, 

slender and flat (Figures 4b, e). Most of the cells were so thin that they looked like dark patches on the surface 

and were identified in the images by the typical spindle morphology (Figures 4a, c, e). Cells exhibited an 

elongated morphology in the powder adhesions, normally bridging two powder particles or linking the smooth 

surface with one particle adhered (Figures 4c, f). 

 

Figure 4 Osteoblasts morphology after 7 days (a-c) and 14 days (d-f) of culture in titanium lattices 

The osteogenic capacity of the cells was tested by the ALP activity assay. ALP activity is an osteogenic marker 

because it provides phosphate ions for mineralization. ALP activity increased with culture time (Figure 5a), 

corresponding to the higher number of proliferating osteoblasts, which synthesize ALP. This agreed with lower 

ALP activity in confluent cells in the titanium lattice. The detection of the ALP activity was indicative of the 

presence of viable cells with the ability to synthesize ALP, further confirming the cytocompatibility of the 

titanium lattices. 

A second confirmation of the osteoblastic phenotype was the quantification of mineralization by the extraction 

of the Alizarin Red staining (Figure 5b). Saos-2 are mature osteoblasts with the ability to produce extracellular 

calcium deposits, the ability that was not impaired when cultured in the titanium lattices fabrication by SLM. In 

particular, the powder adhesions did not show any negative effect on the in vitro proliferation and maturation 

of Saos-2 cells. In contrast, they appear to be favourable for cell adhesion. The lack of toxicity is an additional 

advantage that adds to the possibility to simultaneously match the porosity and mechanical properties of 

cancellous bone by computer-aided design and subsequently implement the titanium lattice fabrication by 

additive manufacturing. 
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Figure 5 Osteoblasts maturation, a) ALP activity and b) mineralization quantified by the extraction of Alizarin 

Red staining 

4. CONCLUSION 

The microstructure of the fabricated lattices is in agreement with the martensite-like microstructure typical for 

commercially pure titanium processed by SLM. Therefore, the Saos-2 behaviour can be considered 

representative of the osteoblastic response to commercially pure titanium parts produced by SLM. The results 

show that the titanium lattices fabricated by SLM did not impair the proliferation and maturation of osteoblast-

like cells. Saos-2 cells proliferated and covered the entire available surface, becoming confluent and quiescent. 

Moreover, the cells exhibited a spread, slender and flat morphology that mimicked the morphology of the bone 

lining cells. The cytocompatibility of the titanium lattices together with the achievable lattice complexity enable 

a range of orthopaedic applications, including customised load-bearing implants with stiffness optimised for 

biomechanical compatibility with bone. A limitation of the titanium lattices is the low osteogenic activity in the 

as-built state. Although the structural design can improve the osteogenic activity, additional surface treatments 

may be required to promote fast bone growth and implant osseointegration. 
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Abstract 

Titanium shows minimal encapsulation when implanted in bone tissue and develops a direct interfacial contact 

with bone. The higher surface roughness of titanium leads to a stronger anchorage in comparison with polished 

smooth surfaces, but the fixation is due to mechanical interlocking rather than chemical bonding. Treatment of 

titanium with sodium hydroxide solution promotes a surface modification that induces the formation of a 

carbonated apatite layer, which produces a strong chemical fixation with bone in vivo. The aim of this work 

was to study the effects of heat treatment temperature on the microstructure and chemical composition of the 

surface of alkali-treated titanium, and correlate the results with the mineralization capacity in vitro. The results 

showed that after the alkali treatment the surface of titanium had a complex microstructure with submicron 

porous features. The crystallinity and microstructure of the titanium surface slightly varied with the heat 

treatment. The general observation was that the slight increment of the anatase content at surface level 

together with smaller pore size promoted the formation of apatite. 

Keywords: Titanium, surface modification, alkali treatment, mineralization, bioactivity 

1. INTRODUCTION 

Biomaterials are implanted in the tissues of the human body for the treatment, augmentation or replacement 

of biological functions as a part of a medical device. Biomaterials interact with biological systems and they 

should not trigger any adverse local or systemic effect but rather generate the most appropriate beneficial 

response that optimizes the performance of the medical therapy [1]. Due to unique combination of properties, 

such as low Young’s modulus, high specific mechanical strength, corrosion resistance and biocompatibility, 

titanium and its alloys have become the most widely used metallic materials for the fabrication of orthopaedic 

and dental implants. Titanium produces minimal side effects in the human body. Furthermore, having a 

Young’s modulus similar to that of human bone titanium demonstrates better biomechanical compatibility in 

comparison with other implantable metals. Unlike other non-resorbable biocompatible materials, titanium 

shows minimal encapsulation when implanted in vivo and develops a direct interfacial contact with bone. The 

capability to form the direct contact with bone without the formation of fibrous layer is known as bioactive 

osseointegration [2]. However, the bioactivity of titanium requires to be further improved in order to extend the 

service life of orthopaedic implants. Current research efforts are focused on control of the micro- and nano- 

porosity of titanium surface to direct cell orientation, cell morphology, and cytoskeleton arrangement [3], and 

thereby, to improve the anchorage of the implant with bone. Developing surface roughness by sandblasting, 

acid etching or anodic oxidation produces stronger osseointegration in comparison with polished smooth 

surfaces [4,5], but the fixation is due to mechanical interlocking rather than to chemical bonding [6]. The 

production of hydroxyapatite or bioactive glass coatings on titanium is another approach to increase the 

bioactivity of the implant [7] as these coatings develop a tight chemical bond with living bone. The mechanisms 

that result in the chemical union with bone are complex and vary between hydroxyapatite and bioactive 
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glasses. In general, the union requires ionic interaction at surface level with the physiological microenvironment 

that induce the precipitation of a carbonated apatite layer [2,8]. The growth of the apatite layer and its 

transformation from amorphous to crystalline generate a chemical and mechanical stable linkage with bone 

[2,8,9]. Currently, it is accepted that the formation of the carbonated apatite layer can be replicated in vitro by 

the immersion of the bioactive material in simulated body fluids (SBF) that mimic the ionic composition of the 

human blood plasma [9]. Furthermore, the formation of the apatite layer in vitro is indicative of the potential 

chemical fixation of the implant with bone in vivo [9]. In vitro studies on SBF allowed to discover that titanium 

surfaces treated with sodium hydroxide solutions induce the formation of a carbonated apatite layer on their 

surface [10], later confirming that a strong fixation with bone can be formed in vivo [6]. The superior bioactivity 

of titanium after alkali and heat treatments was attributed to the presence of a titania hydrogel at the surface 

that allowed apatite nucleation [11]. The aim of this work was to study the microstructure and chemical 

composition of the surface of alkali treated titanium disks after heat treatment at different temperature and 

correlate the results with the apatite mineralization in vitro. 

2. MATERIALS AND METHODS 

Commercially pure titanium disks (CP-Ti, grade 2; diameter of 12 mm) were polished with no. 1200 abrasive 

sand paper and then washed in an ultrasonic cleaner. A typical surface treatment procedure consists of 

soaking a titanium disk in 5M NaOH solution (5 ml) at 60 °C for 24 h and subsequent heat treatment in the 

temperature range of 300 to 600 °C for 1 h. The surface morphology of the disks after each step of the 

treatment was examined using a scanning electron microscope (SEM) equipped with electron dispersive X-

Ray (EDX) detector. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to 

determine the phase and elemental composition of the samples treated under different conditions. In vitro 

mineralization test was performed on treated samples in accordance with Kokubo’s methodology at 37 °C for 

7 days (30 ml/disk) [9]. Sample codes are in accordance with performed treatment: AT - alkali treatment; 

AT+HT300/500/600 - alkali and subsequent heat treatment at 300, 500, or 600 °C; SBF300/500/600 - alkali + 

heat treatment + soaking in simulated body fluid. 

3. RESULTS AND DISCUSION 

Figure 1 shows that unlike polished samples the treated samples had a complex surface microstructure with 

submicron porous features resulting from the alkali treatment. The size of the pores was refined with the 

increment of the heat treatment temperature. 

 

Figure 1 Microstructure of the sample surfaces before and after alkali treatment and heat treatment at 

different temperature 

XRD data showed that for all the studied conditions the most intense peaks belonged to titanium (Figure 2). 

Subsequent heat treatmentled to the formation of crystalline titanium dioxides, identified as rutile and anatase. 

Moreover, with increasing temperature of heat treatment, the intensity of the oxide peaks also raised, which 

indicates an increase in the volume fraction of oxides. In particular, the formation of anatase is relevant 
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because induces the in vitro apatite nucleation [12]. Presence of sodium titanate was not observed by XRD, 

likely, due to a very low content of the phase or its amorphous nature. 

 

 

Figure 2 XRD patterns of the sample surfaces after alkali treatment and heat treatment at different 

temperature 

Elemental analysis via EDX demonstrated similar results to those obtained by XRD, with increased mass 

fraction of oxygen when the temperature of heat treatment increased (Figure 3). The presence of sodium was 

also evident, which may confirm the coexistence of titanium dioxide and sodium titanate phases. 

 

Figure 3 EDX elemental analysis of the sample surfaces after alkali treatment and heat treatment at different 

temperature 

The surface composition of Ti samples analyzed by XPS allowed establishing that the major elements on all 

the surfaces were O, Ti, Na, and C (Figure 4). This elemental composition agrees with the data obtained by 

XRD and EDX analyses and with the expected composition of the surface. Considering the high-resolution 

XPS spectra, noticeable differences in the O 1s peak deconvolutions and subsequent positions were identified. 

O 1s peak contained two peaks corresponding to O2- at ~529.7 eV and OH- at 531.5 eV, intensities that slightly 

increased after exposure to the heat treatment as it was expected due to the formation of titanium dioxides. 
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Moreover, the presence of OH- supports the presence of an amorphous hydrogel, most probable sodium 

titanate hydrogel [11]. In agreement, the position of Ti 2p peaks confirmed the presence of titanium dioxide, 

fraction of which slightly increased after the heat treatment. The intensity of Na 1s peak decreased with heat 

treatment presumable due to thermal oxidation. The presence of C is explained by adventitious contamination 

typical for samples that have been exposed to the atmosphere. 

 

Figure 4 XPS elemental analysis of the sample surfaces after alkali treatment and heat treatment at different 

temperature 

In vitro mineralization test showed the presence of calcium and phosphorous rich precipitates in the alkali 

treatedsamples (Figure 5), the composition corroborated by the elemental analysis by XPS (Figure 6). The 

amount of calcium phosphate precipitates was relatively inferior with respect to the amount observed in 

previous studies [10], so the difference was attributed to the shorter experimental time (7 days against 4 weeks) 

and not having the SBF renewed regularly. The precipitates were located in the pores formed after alkali 

treatment. Moreover, heat treatment at 300 or 500 C did not cause any noticeable difference in the amount, 

morphology and chemical composition of the precipitates with respect to the solely alkali treated sample. In 

contrast, the quantity and size of calcium phosphate precipitates was increased in the sample heat treated at 

600 C. However, it is not easy to elucidate a single reason for the improvement, since the crystalline 

composition, crystallinity and morphology of the microstructure varied simultaneously. The general observation 

is that higher crystallinity and major content of anatase at surface level, together with smaller pore size of the 

surface features, promote the formation of the apatite layer. Some calcium phosphate precipitates were 

observed sporadically on the surface of the as-polished samples. 

 

Figure 5 Formation of calcium and phosphorous rich precipitates after 7 days of immersion in SBF 
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Figure 6 XPS elemental analysis of the sample surfaces after 7 days of immersion in SBF. The presence of 

calcium and phosphorous confirms the formation of an apatite layer 

4. CONCLUSION 

Alkali surface treatment by immersion in NaOH has demonstrated simple ability for the activation of the titanium 

surface, which allowed the in vitro mineralization of titanium. The method is low cost and feasible for the surface 

treatment of complex titanium implants, such bone tissue engineering scaffolds, in large scale. It was observed 

thathigher crystallinity and formation of anatase at surface level, together with refined microstructural features 

promote the precipitation of the apatite layer in vitro. 
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Abstract 

The purpose of this work is to investigate the structure formation in intermetallic alloys by metallothermic 

reduction of oxide titanium-containing raw materials. The diagram feature of the state of the TiAl system is that 

a whole spectrum of intermetallic compounds is formed in it: two intermetallic compounds with wide 

homogeneity regions (α2-Ti3Al, γ-TiAl), two intermetallic compounds with narrow homogeneity regions (TiAl2 

and TiAl3) and a number of metastable phases. The high cost of commercial titanium alloys used in products 

for aerospace, military and medical purposes prompts manufacturers to search for ways to obtain alloys for 

civilian use, which are not so high purity in terms of impurity content, but which have lower cost. Methods for 

producing titanium in the form of alloys with aluminum and iron by metallothermic reduction of titanium-

containing oxide raw materials are considered. It is shown that these alloys can be successfully used in many 

areas of industry, under conditions of a decrease in the amount of titanium waste, which is obtained by 

traditional chloride technology. 

Keywords: Intermetallic alloy, aluminothermal process, raw materials, oxide titanium, structure 

1. INTRODUCTION 

The traditional chloride technology of titanium production is complex, multi-conversion and energy-consuming, 

therefore, the development of alternative methods for producing cheaper titanium is currently a very promising, 

actively developing direction [1]. 

The purpose of the current work is to develop methods for producing relatively cheap titanium-based alloys 

(Ti-Al, Ti-Fe) by metallothermic reduction of titanium-containing oxide raw materials. The specific properties of 

titanium, and, above all, its high affinity for carbon, nitrogen and oxygen, make it an indispensable alloying 

element in the production of ferrous metals [2,3]. An even more significant improvement in mechanical 

properties is achieved when processing steel and cast iron with titanium together with other elements (Al, Mn, 

Si, B, Ca, etc.) [2,4]. Using flux-cored wire and powder injection into the melt is much more efficient than using 

titanium in the form of a sponge, which oxidizes on the surface of the steel melt. In this case, the titanium 

waste reaches 45 - 65 % [5]. Ti-Al alloys are widely used in alloying and modifying aluminum and its alloys [6], 

in production of valves in automobile engines [7,8], as heat-resistant, corrosion-resistant and wear-resistant 

coatings [9,10], and as a filler material for arc welding [11], since titanium aluminides are easily crushed to a 

powdery state. Titanium aluminides are also used for the manufacture of catalysts [12], getters and Raschig 

rings for rectification columns [13], as a reducing agent in metallothermic processes in the preparation of 

ligatures for titanium alloys [2], as additives to carbon-graphite materials to improve the crystal structure and 

so on. Pure titanium can be obtained from the Ti-Al alloy using subchloride technology [3]. 
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2. RESULTS OF THE STUDY  

The diagram feature of the state of the TiAl system is that a whole spectrum of intermetallic compounds is 

formed in it: two intermetallic compounds with wide homogeneity regions (α2-Ti3Al, γ-TiAl), two intermetallic 

compounds with narrow homogeneity regions (TiAl2 and TiAl3) and a number of metastable phases.  

Thermodynamic calculations of the stability of intermetallic compounds, as well as other chemical compounds, 

are based on the use of the Gibbs-Helmholtz equations. The calculations were carried out in a wide 

temperature range. The standard temperature of 298 K was chosen as an initial temperature, and the final 

temperature was the maximum melting point of intermetallic compounds (~ 2000 K) [9,5]. For each intermetallic 

compound in this temperature range, the value was calculated with a step of ~ 200 K. The value of the 

thermodynamic functions was also determined at the melting temperature of aluminum (933 K). For some 

compounds, calculations were carried out using the TERRA program, which consists of an information fund 

and contains information about the thermodynamic properties of individual substances and a set of programs 

that calculate the parameters of the equilibrium state of chemically reacting systems. The performed 

calculations of the change in the Gibbs free energy ∆G during the formation of various aluminides from 

aluminum and titanium showed that TiAl3 has the lowest energy among stable intermetallic compounds in the 

entire temperature range (Figure 1). The ∆G is somewhat lower for the metastable phases of TiAl2 and Ti2Al5, 

but they can form only through several intermediate reactions of TiAl transformation, which is 

thermodynamically unlikely. In other words, the phase compositions of the synthesized γ-TiAl alloys 

correspond to the composition established in [5].  

 

Figure 1 Results of calculations of thermodynamic properties of the Ti-Al intermetallic system: а - enthalpy; b 

- Gibbs energy; 1 - TiAl; 2 - TiAl2; 3 - TiAl3; 4 - Ti3Al 

A relatively cheap way to obtain Ti-Al alloys is the reduction of TiO2 with aluminum in an electric arc furnace 

[6,7]. The Figure 2 shows a diagram of an electric furnace for producing titanium-based alloys containing 

aluminum. 

The main reaction of the aluminothermal process is the following reaction: 

3TiO2 + 4Al = 3Ti + 2Al2O3             (1) 

The raw material used was titanium slag of experimental heats of the following average composition in wt%: 

70 - TiO2, 14 - CaO, 3 - FeO, 4 - SiO2, 2 - Al2O3, 3 - MgO, 2 - MnO, 1 - V2O5, 1 - others. The charge was a 
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mixture of crushed slag to pieces of 0.1-0.2 mm in size, Al - powder, CaO and CaF2. The latter played the role 

of a flux, which formed low-melting eutectics with Al2O3 and thus reduced the melting temperature and viscosity 

of the slag. 

The smelting hearth had an inner diameter of 300-400 mm. In the lower part of the hearth, there was a taphole 

for tapping slag into a steel mold. The hearth is collapsible, which facilitated the extraction of metal from it. The 

graphite electrode (150 mm in diameter) and the hearth had current leads. The furnace power was controlled 

by switching the voltage of the transformer from I to V stages, as well as by raising and lowering the electrode. 

The charge was loaded from the bunker continuously or in small portions while the electric load of the furnace 

was switched on. In this case, an aluminothermic reaction took place in the smelting hearth (1). The charge 

weight for melting was 100 - 200 kg, the melting time was 10 - 20 minutes. After the entire charge had been 

melted, the electrode was raised to the upper position, the taphole was opened, and the slag melt was poured 

into the riser. The metal remained in the hearth and, after cooling, was removed from it. 

The ratio of the charge loading rate (v, kg/min) to the surface power density per area unit of the furnace hearth 

(q, MVA/m2) was maintained within v/q = 10 - 12, which ensured good melting of the charge and separation of 

metal and slag : slag was poured out of the hearth, and the metal remained in it in the form of a compact ingot. 

The approximate average composition of the metal obtained from titanium slag is as follows, wt%: Ti- 60, Fe - 

5, Si - 3, Mn - 2, Cr - 1, V - 0.5, C - 0.4, S - 0.04, the rest is Al. Due to the fact that the titanium slag contained 

many impurities, the resulting alloy also contained many impurities. In laboratory conditions, pigment TiO2 was 

used as a component of the charge, and an alloy containing 78% Ti, the rest being Al, was obtained. Ti - slag 

of ZTMK or cheaper metallurgical titanium dioxide can be used as a raw material. 

 

Figure 2 Diagram of an electric furnace for producing Ti-Al alloys: 1 - graphite melting hearth, 2 - melting 

chamber, 3 - graphite electrode, 4 - current leads, 5 - charge tank, 6 - slag mould 

Also, a theoretical study of the possibility of obtaining high-percentage ferrotitanium (65 - 75 wt% Ti) by 

reducing TiO2 with magnesium powder was made. It is known that titanium dioxide is not completely reduced 

by magnesium, the resulting product contained 92 % Ti, the rest is apparently lower titanium oxides. 
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We carried out a thermodynamic assessment of the possibility of a magnesium-thermal reaction of TiO2 

reduction in the presence of iron powder: 

TiO2 + 2 Mg + 0.37 Fe = Ti + 0.37 Fe + 2 MgO           (2) 

Ti + 0.37 Fe is FeTi70 ferrotitanium. Thermodynamic modeling was carried out using the TERRA program. 

The initial data and calculation results are shown in Figure 3. The obtained data show that reaction (2) can be 

carried out up to a temperature of 1500 K; at a higher temperature, the lower oxide TiO begins to form. At 

temperatures of 1700 K and higher, metallic titanium is absent, only TiO is present. 

 

Figure 3 The results of calculating the possibility of the reaction 

High-percentage ferrotitanium has a melting point of 1358 K [4]; therefore, in order to obtain an alloy in a liquid 

state, reaction (2) must be carried out in a narrow temperature range of 1400 - 1500 K. A suspension of MgO 

particles from the Ti-Fe melt can be separated by extrusion [14]. 

3. CONCLUSION 

The high cost of commercial titanium alloys used in products for aerospace, military and medical purposes 

prompts manufacturers to search for ways to obtain alloys for civilian use, which are not so high purity in terms 

of impurity content, but which have lower cost. Methods for producing titanium in the form of alloys with 

aluminum and iron by metallothermic reduction of titanium-containing oxide raw materials are considered. It is 

shown that these alloys can be successfully used in many areas of industry, under conditions of a decrease in 

the amount of titanium waste, which is obtained by traditional chloride technology. 
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Abstract 

One of the stages of extracting gold and platinum from copper-nickel sulphide materials is their melting in 

electric furnaces, where the melt is separated into matte and slag. Gold and platinum are concentrated in the 

matte, but a significant part of them ends up in the slag, which reduces the recovery of metals. The main 

reason for such losses is the flotation of matte droplets containing gold and platinum with gas bubbles. One of 

the options for reducing the loss of valuable components is to add fluxes to the initial charge before melting. 

The influence of calcite and fluorite on the distribution of gold and platinum over the melting products of copper-

nickel sulphide materials (matte and slag) has been experimentally studied based on the above theoretical 

concepts of droplet flotation. When calcite was added to sulphide ore, there was a significant decrease  

in the sulphur content in the slag - more than 3 times. This led to a decrease in non-ferrous metals in the slag 

by 2-3 times, gold from 0.45 to 0.29 ppm, platinum from 2.15 to 2.06 ppm. The addition of fluorite to the mixture 

of copper-nickel-iron matte and model slag significantly reduced the content of sulphur, non-ferrous metals by 

1.5-2.5 times, gold was not found in the slag. The decrease in the amount of sulphides in the slag is mainly 

due to the fact that the listed additives reduce the viscosity of the slag. This leads to acceleration of the 

coagulation of matte droplets and increases the rate of their settling to the slag-matte boundary. 

Keywords: Noble metals, copper-nickel sulphide ore, flotation, flux additives, matte  

1. INTRODUCTION 

One of the main world reserves of platinum and other precious metals are copper-nickel sulphide ores [1,2]. 

The extraction of gold and platinum from such ores is a multistage process, including the smelting of the 

prepared concentrate in ore-thermal furnaces, where the melt is separated into sulphide and oxide components 

(matte and slag). Gold and platinum are concentrated in matte, but a significant part of them ends up in the 

slag, which leads to metal losses [3,4]. Losses also occur during depletion smelting in electric furnaces of 

converter slag and slag of suspended smelting furnaces. Gold and platinum are concentrated in matte drops 

in the slag. Thus, in order to reduce the loss of valuable components, it is necessary to increase the rates of 

coagulation and sedimentation of matte droplets in the slag, reducing its viscosity. This is possible by adding 

fluxes.  

The purpose of this work: to search for ways to increase the degree of gold and platinum recovery, 

experimentally study the effect of calcite and fluorite on the distribution of noble metals over the melting 

products of copper-nickel sulphide ore (matte and slag) on the basis of the above theoretical concepts of 

flotation drops. 
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2. MATERIALS AND METHODS 

The material for research is represented by copper-nickel sulphide ore and a mixture of copper-nickel-iron 

matte and model slag (CaO / SiO2 / Al2O3 = 40/40/20) in a ratio of 3:2. Mineral composition of the ore (wt%): 

pyrrhotite 42.8, chalcopyrite 20.0, pentlandite 11.3, magnetite 16.0 and silicates 9.9. Platinum content varies 

from 1.1 to 3.5 g/t, gold 1.4 g/t. Mineral composition of copper-nickel-iron matte (in wt%): troilite 71.4, bornite 

11.1, Fe-Ni alloy 7.0, magnetite 4.9. Gold content is 13.1 g/t.  

The mineral compositions of the materials and their melting products were determined by X-ray phase analysis 

on an XRD 7000C X-ray diffractometer. The share of each phase was determined using the program Crystal 

Impact Match 3. The contents of gold, platinum, copper, nickel, cobalt and were found using the Spectroflame 

Modula S inductively coupled plasma atomic emission spectrometer, which allows the contents to be 

determined with an accuracy of 0.1 ppm.  

Heating and melting of materials were carried out in corundum crucibles in a resistance furnace with a graphite 

heater in an air atmosphere at a temperature of 1300 °C. Holding time was 30 minutes, cooling with the oven 

was 1-2 hours. 

3. RESULTS AND DISCUSSION 

The main reason for the loss was the flotation of matte droplets containing gold and platinum by gas bubbles 

that appear as a result of the decomposition of sulphides during the melting of copper-nickel sulphide materials 

[5]. From the point of view of physical chemistry, flotation means the floating of bodies of higher density than 

a liquid on its surface under the action of interfacial tension forces. In the process of flotation, the bubble must 

overcome the matte-slag interface and hold the matte drop while floating up in the slag. For the bubble to float 

up with a matte drop in the slag, two conditions must be met:  

1) The drops are held on the bubbles by surface tension, which can be called the coupling force. In order 

for the drop not to separate from the bubble, the adhesion force of the matte drop to the bubble must be 

greater than its gravity. 

2) The buoyancy force applied to the bubble must be greater than the gravity of the drop. Otherwise, the 

drop will sink. 

With decreasing droplet size r, the adhesion force decreases in proportion to r, and the gravity is proportional 

to r3. The prevalence of surface forces over gravity is characteristic of all dispersed systems. Therefore, micron 

droplets of matte will almost always float. In the slag, there is a collision of matte droplets and, as a result, 

coagulation. For example, a bubble with a volume of Vg is capable of lifting gold droplets whose volume VAu 

does not exceed 1/19 Vg. In our experiments, the gold content was about 4∙10-6 g/g of the melt, the radius of 

the initial particles was 3 μm, the radius of the bubbles reached 1 mm, and the thickness of the melt was 5 cm. 

In this case, the bubble on its way upward must collect and bring to the surface of the melt about 44 thousand 

gold droplets. Then they are combined by coagulation. As a result, large droplets are formed (up to 300 microns 

in diameter). The bubble float speed in the oxide melt according to the Stokes formula is high and amounts to 

about 6.7∙10-3 m/s. Thus, the flotation of dispersed droplets in melts proceeds at high rates and leads to their 

significant enlargement, in contrast to the flotation of solid particles. In the latter case, only the formation of 

fragile associations is possible. The rate of coagulation of droplets, by analogy with colloidal systems, is 

proportional to temperature and inversely proportional to the viscosity of the slag and the concentration of 

droplets. The resulting large droplets will settle in the slag and end up in the matte again. The deposition rate 

is inversely proportional to the viscosity. A schematic of the process at the slag-matte boundary is shown in 

Figure 1. Thus, in order to reduce the loss of valuable components, it is necessary to increase the rate of 

coagulation and sedimentation of matte droplets in the slag, reducing its viscosity. This is possible by adding 

fluxes.  
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Two fluxes were selected for the experiments - calcite (CaCO3) and fluorite (CaF2). The choice of fluxes is 

justified as follows.  

In the metallurgical production of non-ferrous metals, technologies with the addition of calcite in the form of 

limestone are known [6]. Calcite releases large amounts of CO2 gas when heated. Despite the fact that gas 

bubbles lead to the removal of gold- and platinum-containing sulphide droplets from the matte melt into the 

slag [5], they also contribute to the enlargement of dispersed droplets in the slag. CaO formed during the 

decomposition of calcite lowers the melting point of the slag and its viscosity. CaO also leads to partial 

desulphurization of the matte. Fluorite is currently used in ferrous metallurgy. Slags with this component have 

low values of surface tension, melting point and viscosity [7]. 

 

Figure 1 Stages of passage of a gas bubble through the matte-slag interface: a - exit of a gas bubble to the 

matte-slag interface; b - transition of a gas bubble through the matte-slag interface; c - floating up of a gas 

bubble with a sulphide drop; d - collection by the gas bubble of other dispersed matte droplets encountered 

on its way; e - separation of the enlarged sulphide droplet from the gas bubble; f - deposition of a sulphide 

droplet and floating of a gas bubble 

In order to predict changes in the phase composition, an analysis of possible chemical reactions in copper-

nickel sulphide ore was carried out using the Equilibrium Compositions module of the HSC Chemistry 6.1 

software package under reducing conditions (with a carbon content of 1.8 wt%) with varying contents of calcite 

and fluorite. It was found that gold and platinum during heating in the range of 0-1300 °C can be in the following 

form: metallic forms of Au and Pt, sulphide PtS, intermetallic compounds AuCu, PtFe, PtFe3, PtNi (Figure2). 
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Non-ferrous metals are mainly present in the sulphide form. The addition of calcite and fluorite does not 

significantly change the system: all the listed forms of occurrence of gold, platinum and non-ferrous metals are 

preserved, only their contents change. The proportion of oxide compounds Cu and Ni changes insignificantly.  

The experiments were carried out with the addition of CaCO3 and CaF2 in the amount of 10 % of the charge 

weight: the first was added to the copper-nickel sulphide ore, the second was added to the mixture of copper-

nickel-iron matte and model slag. The products of material melting - matte and slag - were analyzed for the 

content of S, non-ferrous metals (Cu, Ni, Co), gold and platinum. The data are shown in Tables 1 and 2. The 

main proportion of sulphide droplets was observed on the surface of the slag. 

 
Figure2 Equilibrium composition of copper-nickel sulphide ore depending on the change in the amount of 

CaCO3 (from 0 to 200 kmol) at the temperature of 1300 °C 

Table 1 Content of sulphur, non-ferrous and noble metals in matte and slag after melting the charge without  

             and with the addition of CaCO3 

Component Content of components in wt% 

Without CaCO3  CaCO3 in the amount of 10 % 

Matte Slag Matte Slag 

Cu 4.66 0.38 4.68 0.15 

Ni 4.28 0.45 4.39 0.14 

Co 0.11 0.02 0.11 0.008 

Pt 4.1∙10-4 2.15∙10-4 3.8∙10-4 2.06∙10-4 

Au 1.77∙10-4 0.45∙10-4 1.83∙10-4 0.29∙10-4 

S 30.5 4.60 28.7 1.13 
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Table 2 Content of sulphur, non-ferrous and noble metals in matte and slag after melting a charge from  

              a mixture of Cu-Ni-Fe matte and model slag without and with the addition of CaF2 

Component Content of components in wt% 

Without CaF2 CaF2 in the amount of 10 % 

Matte Slag Matte Slag 

Cu 7.02 0.1 7.25 0.05 

Ni 4.98 0.03 5.12 0.01 

Co 0.15 0.005 0.16 0.002 

Au 13.1∙10-4 0.75∙10-4 13.5∙10-4 Not detected 

S 29.8 0.41 30.9 0.34 

When CaCO3 was added to sulphide ore, the entire mixture melted at a temperature of 1260 - 1270 °C, which 

is 10 - 20 °C less when melting the ore without adding flux. Table 1 shows that there was a significant decrease 

in the sulphur content in the slag - more than 4 times. This, in turn, led to a decrease in non-ferrous metals in 

the slag by 2 - 3 times, gold from 0.45 to 0.29, platinum from 2.15 to 2.06 %.  

The addition of fluorite to the mixture of copper-nickel-iron matte and model slag lowered the melting point of 
the mixture to 1210-1220 °C (the melting temperature of the mixture without adding CaF2 is 1270 °C). 

According to Table 2, Fluorite reduced the content of sulphur, non-ferrous metals by 1.5 - 2.5 times, gold was 

not found in the slag. The influence of CaF2 on the amount of platinum in the slag has not been established, 

probably due to the insufficient accuracy of its determination by the method used.  

Thus, the studies carried out have shown that the addition of calcite and fluorite to the charge increases the 

extraction of non-ferrous metals, gold and platinum into the matte. This is due to the fact that the listed additives 

reduce the viscosity of the slag. A decrease in viscosity leads to an acceleration of the coagulation of sulphide 

droplets carried into the slag during flotation, and increases the rate of their settling to the slag-matte boundary, 

where they merge with the matte mass. 

4. CONCLUSION 

The stages of the passage of a gas bubble through the matte-slag interface are considered. The flotation of 

micron matte droplets in the slag is inevitable and leads to the loss of valuable components. To reduce losses, 

it is necessary to increase the rate of coagulation of drops and their deposition in the slag, reducing its viscosity. 

This is possible by adding fluxes. It was found that the introduction of CaCO3 and CaF2 (in an amount of 10 wt% 

each) into the initial charge during melting of copper-nickel sulphide materials onto matte made it possible to 

reduce the content of sulphide droplets in the slag and, accordingly, valuable metals, gold and platinum. 
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Abstract  

This article is focus on different alloys used to casting same part ,,COVER” 5 different aluminum alloys were 

studied for the best mechanical properties. Mechanical properties were evaluated in the same place from 

casting. Customer had special requirements on mechanical test. Suitable product was not governed by the 

mechanical properties obtained from standard tensile test. This special test was determined about correct or 

non-correct product. Mechanical properties were studied for better information about alloys for manufacturer. 

Measured mechanical properties were verified on tensile test similar as customer test. 

Keywords: Aluminum alloy, AlZn10Si8Mg, AlCu5NiCoSbZr , mechanical properties, tensile test 

1. INTRODUCTION 

Everything was started with customer´s question: What we can do for bigger strength of this casting? 

Technology was got documentations for casting and requirements on mechanical properties. The first idea 

was changed topological shape of casting. Calculation was showed problem after change shape of casting. 

Construction of casting was stayed the same during test of different alloys in this experiment. The second idea 

was tested different types of alloy.  

1.1. Type of casting 

The casting was constructed as shaft cover on airport area. Cover must be resisted extremely strength 

conditions. Design of cover is showed on picture Figure 1. Customer had very specific requirements for 

ductility and on the other hand high strength by standard EN124-3-F900. [1] This combination of features was 

not easy. The strength was increasing with decreasing ductility and conversely. Casting was designed with 

AlSi7Mg0.3 T6 in the beginning. Specific requirements were for safety during heavy load. 90 tones was critical 

value for safe in short time. Large number of 

destroyed casting during test was the reason for 

something change. Manipulation in production 

was not easy with weight around 20 kilos. 

Checking to inside defects on X-ray was not 

possible. Problem was in massive thickness of 

casting. Attempt to change of shape was not 

successful with help by topological 

optimalization. Foundry feasibility was 

evaluated with MAGMA software. The easiest 

way for the better mechanical properties was 

found the alloy with the best result during 

testing.   
Figure 1 Design of casting “COVER” 
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2. EXPERIMENT 

Basic alloy of casting ,,COVER”, was changed during same optimalization production parameters. ,,COVER”, 

was prepared for test as standard production process. Castings were casted and heat treatment was happened 

after finishing of parts. Different alloys had different heat treatments than standard was recommended. Test 

groups were elected for better comparing between alloys.  

 AlSi7Mg0.3 T5,  

 AlSi7Mg0.6 T6,  

 AC-AlZn10Si8Mg F,  

 AC-AlCu5NiCoSbZr T5,  

 AC-AlCu5NiCoSbZr T6. 

Types of alloy were chosen with suitable for low pressure die casting technology. Basic choice was aluminum 

alloy. One of alloy was chosen for its mechanical properties. Alloys on base AlSi and AlZn were often used in 

foundry. Theoretical mechanical properties by standard ČSN EN 1706 for casting produced by LPDC 

technology are showed in Table 1.  

Table 1 Mechanical properties of alloys [2,3] 

Alloys Treatment Rm (MPa) Rp0.2 (MPa) A (%) HBW 

EN AC-AlSi7Mg0.3 T6 290  210 4 90 

EN AC- AlSi7Mg0.6 T6 320 240 3 100 

EN AC-AlZn10Si8Mg T1 230 200 1 90 

EN AC-AlCu5NiCoSbZr O 180 200 1.5 90 

Treatment T1 means cooling and nature aged. T6 means dissolution at high temperature and artificial age. T7 

means dissolution at high temperatures overage artificial age. Specific value could be affected by design of 

casting and clearing alloy purity. Value could be different between this standard. Castings had different 

treatment in this experimental. Treatments T1 and T7 were not performed. Castings from AlZn10Si8Mg were 

without heat treatment and castings from AlCu5NiCoSbZr was with T5 and T6 treatment. AlSi7Mg0.3 was very 

popular alloy for LPDC and these mechanical properties were very interesting after heat treatment. AlSi7Mg0.3 

with T5 was the first choice. AlZn10Si8Mg was tried for its good mechanical properties Rp0.2 after crash 

casting from AlSi7Mg0.3 T5. AlZn10Si8Mg was standard used in our foundry too. This type of alloy did not 

have as good casting properties as AlSi7Mg0.3. The production of the casting was without a problem. This 

standard alloy had not good result after special test of strength. Big experiment for production was used to 

new alloy EN AC-AlCu5NiCoSbZr for LPDC technology. This alloy was contained high percentages of copper 

compared with other alloys. High content of copper was caused to volume loss. Casting was OK after 

technological changes. Experience was used this new alloy in our casting process. Castings from this material 

did not have good result on special test. AlSi7Mg0.6 was chosen for better mechanical properties than 

AlSi7Mg0.3. This alloy had added magnesium for higher value of Rm and Rp0.2 after heat treatment. On the 

other side ductility was reduced.  

2.1. Fractography 

Analysis of cracks was made on the start production by alloy AlSi7Mg0.3 with T6. It was done for exclusion 

defect with alloy and inside impurities. Sample Figure 2 was evaluated in cooperation with the university. 

Fracture initiation was showed there. Sample was without essential impurities which could caused to fracture. 
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Figure 2 Sample for analysis 

This was constituted fracture, probably initiated by a higher value of the internal stress in the casting. Several 

defects Figure 3 were observed on the fracture surface by Electron microscope TESCAN VEGA 3 with 

detector BSE. 

 

Figure 3 Ductile fracture with part of brittle fracture of intermetallic particles 

The fracture was ductile of eutectic α(Al)-Si with part of brittle fracture of intermetallic particles α(Al)FeMgSi 

and α(Al)FeMnSi by SEM and EDS analysis. This particles were not initiation of fracture. The fracture was 

passed through the area of the radius. Combinations of radius and high surface roughness could caused to 

contributed to the formation of cracks and fracture. 

2.2. Tensile test 

Test group had 3 casting. Each casting has 3 samples for standard tensile test. Test result was evaluated in 

graphs. Average values were showed for one type of alloy and heat treatment. Visible was that the best results 

had AlSi7Mg0.6. Very interesting was compare different place on casting. Place no. 3 had the highest values 

of mechanical properties Rm and Rp0.2.  

Test specimens was removed from 3 different places of casting Figure 4. Places for samples were elected 

with casting options. It was not easy because ,,COVER”, had thin-walled ribs. Specimens were machining 

according to standard ČSN EN ISO 6892-1. [4] Samples were sent to acreditate testing laboratory. Measure 

machine was Zwick/Roell Z250 with loadcell 150 kN and extensometer - MultiXtens.  
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Figure 4 Image place of sample and graphs with obtained mechanical properties Rp0.2 and Rm 

 

Figure 5 Depending ductility on different alloys and heat treatments in another place of casting 

Values of ductility were on different chart for better presentation Figure 5. AlSi7Mg0.6 with T6 had very good 

mechanical properties for success customers test.  

Very surprising was result ductility alloy AlZn10Si8Mg. Alloy by standard had value around 6 %, but tensile 

test was showed very low values of ductility. It could be caused to some defects in specimens. Other values 

were more or less corresponded with standard. 
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2.3. Special customers test 

Mechanical properties by the tensile test were information for foundry. Other castings, which were produced 

in this experiment were tested on special customer machine for approval for use. It was very easy test. Finish 

parts were saved into pressure machine Figure 6 and were tested with measurement reports. The final 

strength was 600 kN during 200 seconds on the testing part.  

 

Figure 6 Customer testing machine and measurement report on alloy AlCu5NiCoSbZr T6 

Result could be only correct or non-correct. Correct part is showed on the right side Figure 7. Non-correct part 

is on left side. AlSi7Mg0.6 with T6 heat treatment had the best result on customer test. All of parts from different 

alloys had larger or smaller cracks.  

 

Figure 7 Non correct part and correct part after customer test 

3. CONCLUSIONS 

This article was focused on change type of alloys and influence on mechanical properties. Four different alloys 

was tested. Mechanical properties on standard tensile test were appropriated by standard in most alloy. Big 

experience for foundry was used to new alloy EN AC-AlCu5NiCoSbZr for LPDC. This alloy could be used for this 

casting with a little bit change of technology, but mechanical properties were not good for this application. 

Customer did not have specified requirements on values of mechanical properties. A suitable product did have 

to priority passed customer test with load of 90 tons. 
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AlSi7Mg0.6 with T6 heat treatment had the best result on standard tensile test and customer test too.   

Mechanical properties were nearly correspond by standard. Specific values on ,,Cover”, were obtained around 

Rm = 300 MPa, Rp0.2 = 270 MPa and A = 4 %. Producing alloy was changed from AlSi7Mg0.3 with T6 on 

AlSi7Mg0.6 with T6 on the basis of this experiment. The number of non-correct products were decreased. 
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Abstract 

Aluminum alloys as hypoeutectic AlSi9Mg alloy have at microstructure a granular and acicular β phase, with 

α phase as matrix. The hard, irregular, often pointed β phase is responsible for the poor mechanical properties 

of said alloy. This composition is responsible for Al-Si alloy's low strength parameters. This study presents the 

results of modification of an AlSi9Mg alloy with strontium, boron and titanium in different ranges produced as 

a melted modifier added as powders and as rod. The influence of the analyzed additions on the elongation of 

the silumin was presented in graphs. The used treatments of a hypoeutectic AlSi9Mg alloy improved the alloy's 

properties. The results of the tests indicate that the elongation of the modified alloy are determined by the 

sequence in which the components are introduced to the alloy. 

Keywords: Al-Si alloy, silumin, modification, mechanical properties 

1. INTRODUCTION 

Aluminum alloys have excellent castability, good weldability, good thermal conductivity, high strength at 

elevated temperatures and excellent corrosion resistance for these reasons, they have found wide application. 

The microstructure and mechanical properties of Al-Si alloys may be altered through improvement by 

modification, heat processing etc. [1]. One of the most popular modification methods involves the use of 

chemical elements and compounds. Sodium and strontium are the most commonly used modifiers in 

subeutectic silumins. Strontium permanently modifies silumins, while sodium shapes their structure over a set 

period of time [2]. There are other chemical compositions to improvement its properties. These include, but 

are not limited to, boron and titanium [3-6]. Addition of sodium or strontium and other elements modifiers in Al-

Si cast alloys have been found to improve mechanical properties considerably [7]. The modification behavior 

of Al-Si alloy was first studied in 1920 by Pacz, who shows that the additions of sodium or its salts to the molten 

alloys leads to structural modification during solidification and hence, to a considerable improvement in its 

mechanical properties [8]. In 1966 Thiele and Dunkel showed that the effects of strontium on such alloys are 

similar and longer-lasting than those of sodium [9]. However, in recent years it has been established that the 

technological properties of aluminum - silicon alloys can be enhanced by adding modifiers and by applying 

suitable thermal treatments [10-13], technological [14], repeated modification [15] and others [16]. Mechanical 

properties of Al-Si cast alloys depend not only on chemical composition but, more importantly, on 

microstructural features such as morphologies of dendritic α-Al, eutectic Si particles and other intermetallics 

that present in the microstructure. The porosity of casting alloys also affects their properties [17,18]. Especially 

tensile strength, elongations and hardness are important reasons for increasing applications of this alloy 

system. 
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Despite the availability of a wide range of technologies enhancing the usable properties of Al-Si alloys, 

modification continues to be the most popular method. Recent years have witnessed various research studies 

attempting to change silumin structure with the use of the temperature gradient. A method for modifying silumin 

structure has been developed with the involvement of a modifier obtained by rapid silumin cooling. The 

chemical composition of the modifier is identical or similar to that of a processed alloy. Despite numerous 

studies into the improvement of silumin properties, modification methods involving chemical elements and 

compounds deliver the most cost-effective results. The research of inoculation and modification of eutectic and 

hypoeutectic aluminum-silicon alloys by sodium, strontium, antimony and other additions in the metallurgic 

process have been already analyzed and described by numerous authors [1,2,5,7,19]. At present time 

strontium is the most frequently used in the Aluminum alloy industry because it is easy to handle, has a good 

modification rate, a long incubation time and a low fading effect. The results of a number of studies boil down 

to the description of the effect of the crystallization process on the microstructure [20], and then the 

microstructure on the mechanical properties of alloys [1,2,4]. However, the most reasonable for practical 

reasons is the study of mechanical properties. The goal of metal alloys research is to obtain the highest quality 

possible. The goal is to achieve this effect while maintaining favorable economic conditions by obtaining the 

lowest possible alloy price as well as reducing research costs. For the above reasons, statistical methods and 

computer techniques are often used in research. The main aim of the present investigation was to evaluate 

influence of strontium, boron and titanium in different ranges produced as a melted modifier added as powders 

and as rod melted with Al on elongation of AlSi9Mg alloy. 

2. METHODS 

The experimental material was AlSi9Mg alloy which was regarded as representative of hypo-eutectic silumin. 

The alloy was obtained from industrial piglets. The alloy was melted in ceramic crucible an electric furnace, 

and the modification process was carried out with Sr, Ti and B additions. The melting was carried out in two 

series applying fullfactorial experiment (23) for three independent variables (Table 1). In the first series, the 

additives were introduced into the alloy in the form of a powder mix in accordance with the test plan. In the 

second series, in the form of a rod created by melting the amount of individual components appropriate for a 

given study plan point and aluminum. At each point in the research plan, the total amount of additives in the 

preliminary alloy accounted for about 10 %. The same research plan was used to compare the effectiveness 

of silumin treatment in both series. For the second research series, the quantity of preliminary alloy was 

introduced into the alloy in an amount ensuring the addition of the same amount of individual additives as in 

the first series. The alloy was modified at a temperature of 800 °C for 6 minutes. Cylindrical samples, 8 mm in 

diameter and 75 mm in length, were poured into dry sand molds. The elongation test was performed on a 

specimen with a length-to-diameter ratio of 5:1 in the ZD-30 universal tensile tester. An elongation test was 

performed on two samples, 6 mm, for each melting point, according to standard PN-EN ISO 6892-1:2016-09 

"Metallic materials. Tensile testing. Method of test at ambient temperature". The equation (1) was introduced 

for received plan of investigations the figure of equation of regress. The modifier was prepared by mixing its 

components (see equation (1)) in proportions indicated in the experimental plan. 

yY=b0+b1x1+b2x2+b3x3+b12x1x2+b13x1x3+b23x2x3+b123x1x2x3 (1) 

where: xi - factor (Sr, Ti, B); b0 , bi , bij, bijk - equation coefficients. 

The results were analyzed mathematically, which enabled to formulate the factor equation for three variables, 

for the parameters studied, at the level of significance α = 0.05.  The adequacy of the above mathematical 

equation was verified using the Fisher criterion for p = 0.05. 
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Table 1 Level of variables  

Factor Variable Primary level (%) 
Range of 

changes (%) 

Higher level 

(%) 

Lower level 

(%) 

x1 Sr 0.04 0.02 0.06 0.02 

x2 Ti 0.1 0.05 0.05 0.15 

x3 B 0.04 0.02 0.06 0.02 

3. RESULTS 

The average chemical composition of the tested AlSi9Mg is presented in Table 2. 

Table 2 Real chemical composition of the tested AlSi9Mg (wt%) 

Element Si Mg Mn Ni Cr Fe Cu Zn Ti Al 

Content 9.24 0.34 <0.005 0.003 0.05 0,15 0.03 0.007 0.001 balance 

Elongation of the AlSi9%Mg alloy treated with mixture consisting of Sr, Ti and B compounds as a powder 

shows on Figures 1-6. The analysis of elongation shows that the greatest benefits were achieved after AlS9Mg 

alloy treatment with powder of 0.06 wt% Sr, 0.05 wt% Ti and 0.06 wt% B which substantially improved alloy 

properties. 

  

Figure 1 Elongation of AlSi9Mg alloy  

with B within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for Sr = 0.06 wt% 

Figure 2 Elongation of AlSi9Mg alloy  

with B within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for Sr = 0.02 wt% 

  

Figure 3 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

B within range <0.02, 0.06>(wt%) for Ti = 0.15 wt% 

Figure 4 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

B within range <0.02, 0.06>(wt%) for Ti = 0.05 wt% 
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Figure 5 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for B = 0.06 wt% 

Figure 6 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for B = 0.02 wt% 

 

 

Figure 7 Elongation of AlSi9Mg alloy  

with B within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for Sr = 0.06 wt% 

Figure 8 Elongation of AlSi9Mg alloy  

with B within range <0.02, 0.06>(wt%) and 

Tiwithin range <0.05, 0.15>(wt%) for Sr = 0.02 wt% 

 

 

Figure 9 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

B within range <0.02, 0.06>(wt%) for Ti = 0.15 wt% 

Figure 10 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

B within range <0.02, 0.06>(%) for Ti = 0.05 wt% 
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After treatment alloywith a constant content of Sr = 0.06 wt% as a powder boron has a greater effect on the 

increase in elongation then Ti (Figure 1). For the same range of strontium and about 0.06 wt% boron influence 

of titanium is imperceptible. The elongation of the AlSi9Mg alloy treated with mixture consisting of Sr, Ti and 

B compounds melted with Al as a rod shows on Figures 7-12. Generally, comparing the elongation after 

treatment AlSi9Mg alloy with the same amounts of Sr, Ti and B introduced into the alloy in the form of powder 

(series I) and in the form of a preliminary alloy Sr, Ti and B with Al (rod) (series II) made by melting the 

componentmixtures and aluminum in a proportion about 1:10, a higher elongation was found after treatment 

Al-Si alloy with preliminary alloy.  

 
 

Figure 11 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

Ti within range <0.05, 0.15>(wt%) for B = 0.06 wt% 

Figure 12 Elongation of AlSi9Mg alloy  

with Sr within range <0.02, 0.06>(wt%) and 

Ti within range <0.05, 0.15>(wt%) for B = 0.02 wt% 

4. CONCLUSIONS 

The main conclusion can be written as follows: the use of modifying components (Sr, Ti, B) after initial melting 

with the main component of the processed alloy (Al) increases elongation more than using the same modifying 
components (Sr, Ti, B) in an unmelted form (powder mix). In addition, it was found that: 

 the analysis of the process of hypo-eutectic Al-Si alloy treatment with Sr, Ti and B additions shows that 

this modifying addition increased plasticity of AlSi9Mg alloy; 

 all tested modifiers altered the elongation of the analyzed alloy. The elongations were most significantly 

modified by borax and strontium with aluminum as an alloy. The analyzed alloy was characterized by 

more satisfactory plasticity when Sr or B were added at 0.06 wt% and 0.15 wt% Ti. 

Modifying the mechanical properties of silumin is of great importance for many industries, including machine 

industry [21], thermally sustainable construction [22], construction of tribological pairs [23], construction of 

recovery devices [24]. The obtained dataset is also a valuable inspiration to improve the predictive models, 

especially the non-parametric ones [25,26]. 
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Abstract  

Among additive manufacturing technologies, robocasting emerges as a versatile and an affordable method for 

processing metallic materials. However, the success and competitiveness of robocasting depend on the 

development of easy-to-process metallic inks that do not generate residues after debinding and production of 

high purity metallic parts. The additive manufacturing of titanium is in particular attractive and challenging. 

Titanium is a high-performance material with high specific mechanical strength, high fracture toughness, low 

elastic modulus, and high corrosion resistance with important applications in aerospace, marine, medical, 

alimentary, energy, recreational, and chemical industries. It is difficult to process titanium due to its high 

reactivity with oxygen and other elements that leads to the formation of oxides and brittle inclusions that impair 

the mechanical performance. The aim of this study is to understand the extrusion behaviour of a titanium ink 

and the debinding at different temperatures to obtain carbide- and oxide-free commercially pure titanium 

structures by robocasting. The results show that the ink meets all rheological requirements for robocasting 

allowing the fabrication of a variety of different titanium structures with a maximal unsupported span of 2 mm. 

Furthermore, the optimization of the debinding process avoided the thermal oxidation of titanium while 

maximised the elimination of the binder, showing superior efficiency than other binders studied previously. The 

microstructure and chemical analysis of the sintered samples confirmed the chemical and crystalline purity of 

the material. 

Keywords: Additive manufacturing, robocasting, titanium, debinding, sintering 

1. INTRODUCTION 

Additive manufacturing technologies allow superior control of the structure and, consequently, of the properties 

of a broad range of materials for several applications. Selective laser melting is one of the most explored 

additive manufacturing technologies for metals [1]. However, recently robotic assisted deposition (robocasting) 

emerged as an alternative for the additive manufacturing of metals [2]. Robocasting was developed originally 

for the fabrication of ceramic structures in Sandia National Laboratories [3]. It is based on the robotic controlled 

extrusion of a powder paste (i.e. ink) following a pattern predesigned in silico to fabricate a desired part layer 

by layer. Similar to injection moulding, the deposited part is a green body that requires high temperature 

sintering for consolidation. However, in contrast with injection moulding, robocasting does not require a mould, 

allowing the fabrication of more complex structures with near-net shape. The success of robocasting depends 

on several variables including a proper control of the rheological properties of the ink [4]. The ink must show 

pseudoplastic behaviour with a relatively high yield strength. After yield, the ink must demonstrate shear 

thinning behaviour to allow extrusion at low load. Then, a fast recovery of the viscous state is required to retain 

the shape of the deposited filaments. The high yield strength is required to allow layer-upon-layer stacking 

without flow or deformation of the deposited material. 
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The incorporation of an organic binder is necessary in order to allow extrusion. However, the binder must be 

completely eliminated before sintering to avoid the reaction or contamination of the metal with the residual 

elements, mainly carbon. Debinding is in particular relevant for the processing of high-purity reactive metals 

such as commercially pure titanium. Titanium reacts with carbon at high temperature and also with the oxygen 

in the atmosphere, forming titanium carbides and oxides that impact the mechanical properties of the final 

material [5]. Moreover, since the ink is extruded trough a nozzle with an internal aperture of 250-800 m, one 

of the most important drawbacks in robocasting is a phase separation. Thus, to achieve the required behaviour 

of the ink and to prevent any contamination, the selection of the organic binder is a complex and yet crucial 

task. 

Thoroughly selected binders should result in an increase in the competitiveness of robocasting for the additive 

manufacturing of titanium parts. The aim of this study is to understand the extrusion behaviour of the titanium 

ink and the debinding of the obtained structures at different temperature performed in order to obtain carbide-

and oxide-free commercially pure titanium lattices. Titanium was selected due to its high specific strength and 

corrosion resistance allowing a broad range of applications in aerospace, marine, medical, alimentary, energy, 

recreational and chemical industries. 

2. MATERIALS AND METHODS 

The ink for robotic assisted deposition was prepared by mixing commercially pure spherical titanium powder 

(ASTM Gd1) with an organic binder soluble in water, gelatine. The ink was introduced into a cartridge of the 

robotic deposition device immediately after mixing. 

Extrusion test was performed at room temperature in a mechanical testing machine using a tapering nozzle 

with an internal aperture of 610 m. The test was performed at different times after mixing: 2, 15 and 20 min, 

and different extrusion rates: 4, 10 and 23 mm/s. Force displacement curves, extrusion curves, were recorded 

and the extrusion force was determined as the load applied to maintain a constant flow of the ink in steady 

conditions. Images of the extruded filaments were acquired with a digital camera. 

Samples of variable size were fabricated with the titanium ink using an orthogonal deposition pattern in 

consecutive layers with the distance between filaments from 600 to 2000 m. Samples were fabricated in air 

at the speed of 20 mm/s. Samples were allowed to dry at room temperature for 12 h. 

Debinding experiments were performed at 250, 350 and 450 C for 12 h in a muffle furnace in air atmosphere. 

Before and after debinding the samples were analysed by scanning electron microscopy (SEM) together with 

energy dispersive X-ray (EDX) analysis, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 

mass loss. Debound samples were sintered in argon atmosphere at 1300 C for 10 h. Sinter samples were 

prepared for metallographic observation following standard methods for titanium. The microstructure was 

observed in an optical microscope, whereas the composition was analysed by XRD and EDX before etching. 

3. RESULTS AND DISCUSION 

Figure 1 shows the extrusion curves. The curves show at the beginning a fast increment of force followed by 

a small plateau. The increase in the force is related to the overcome of the yield strength needed to extrude 

the ink through the aperture of the cartridge, whereas the plateau corresponds to the flow of the ink 

progressively filling the nozzle. Then, when the ink reaches the exit of the nozzle, a second and more important 

rise in the force is observed, as the yield strength is higher due to the smaller aperture of the nozzle. 

Afterwards, the ink is extruded at constant force, the extrusion force, until the cartridge is emptied and force 

rises due to the compression of the extrusion ram. 
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Figure 1 Force - displacement curves record during extrusion experiments: a) at constant extrusion rate of 4 

mm/s; b) after 15 min of mixing at different extrusion rates. Displacement is presented as the fraction of the 

length of the cartridge 

It was clear that the extrusion force increased with the time elapsed after mixing (Figure 1a). The rise in the 

extrusion force is explained by the rise in the viscosity of the ink due to the molecular restructuration of the 

binder, involving hydrogen and ionic bonds. In fact, the images in Figure 2 show that the ink extruded shortly 

after mixing has a low viscosity with a liquid-like behaviour, i.e. the extruded filaments fused immediately at 

contact by surface tension. After 15 and 20 min of mixing, the extrusion produced continuous and stable 

filaments that retained the shape and stack to form random hillocks that reach a height between 20 to 30 mm 

before collapsing by their own weight. No other difference than higher extrusion force was observed between 

extrusion at 15 and 20 min after mixing. 

 

Figure 2 Representative images of the extruded ink after a) 2 and b) 15 min of mixing 

Figure 1b represents the effect of the extrusion rate after 15 min of mixing. The extrusion force increases with 

the increment of the extrusion rate in the range between 30 and 50 N. This range fits very well within the 

working capabilities of the robotic deposition device allowing deposition at low speed for better resolution of 

edges and high speed for fast object fabrication. Figure 3 demonstrates the diversity of shapes and sizes that 

can be fabricated by robocasting using the titanium ink. The maximum unsupported span deposited in this 

work was 2 mm, but it is possible that bigger cantilevers may be achieved with good resolution. Possible 

applications for the titanium structures include filtration, catalysis, tissue engineering scaffolds, bone grafts, 

armours and others. The current limitation is the volume of the object that can be fabricated, restricted to 5 

cm3 by the size of the cartridge. 
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Figure 4 shows the titanium powder before and after debinding at different temperature. The presence of the 

residual binder was not evident visually in all samples at low magnification (Figures 4a, b, d, e). However, 

observation at higher magnification revealed that only debinding at 250 °C did not result in the complete 

removal of the binder, since the powder had a small quantity of randomly distributed aggregates of titanium 

particles surrounded presumably by the remaining binder (Figure 4c). 

 

Figure 4 SEM images of a) the initial titanium powder, and the powders after debinding at b) and c) 250 °C, 

d) 350 °C, e) 450 C 

The EDX analysis showed that titanium content decreased with debinding without evident differences among 

different temperature (Figure 5a). In contrast, highest content of carbon was found in the sample treated at 

250 °C confirming the incompleteness of the binder removal observed earlier by SEM. Higher temperature led 

to a lower content of carbon reaching a level similar to the one of the initial powder. Despite the fact that 

debinding at 450 °C resulted in the complete elimination of the organic binder, thermal oxidation was observed 

on these samples. This was confirmed not only by the highest content of oxygen reflected in EDX results but 

also by a clear change in colour from grey to navy blue (Figure 5b), what did not happen to samples debound 

at 250 and 350 °C. 

 

Figure 5 Debinding of samples at different temperature, a) results of the EDX analysis and b) representative 

image of the samples debound at 450 °C 

Figure 3 Examples of the different titanium structures 

that can be fabricated by robocasting (all dimensions 

are in mm). Samples before debinding 
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XPS spectra show oxygen, titanium and carbon as of three main elements at the surface level in all samples 

(Figure 6). Additionally, samples debound at 250 and 350 °C had N 1s peak. Quantitative XPS analysis 

showed that samples debound at 250 and 350 °C had about 15 at.% of nitrogen, 30 at.% less of oxygen and 

30 at.% more of carbon in comparison with the initial powder which did not give signal of nitrogen and contained 

50 and 30 at.% of oxygen and carbon, respectively. Therefore, it is clear that higher nitrogen and carbon 

content is the result of the incomplete removal of the organic binder, changing the composition of the titanium 

dioxide layer to a more nitride and carbide chemical nature. 

Samples debound at 450 °C showed equivalent XPS spectrum than the raw powder (Figure 6), with equivalent 

chemical composition of the oxide layer. However, as observed in Figure 5b, the change of colour of the 

samples suggests that the oxide layer formed at 450 °C is significantly thicker than the layer generated at room 

temperature. These results indicate that the binder produces chemical modifications of the surface of the 

powder during debinding, however, the changes below 450 °C are not representative of the bulk of the material. 

 

Figure 6 Surface elemental analysis by XPS before and after debinding. The elemental chemical 

composition is in atomic percentage 

The phase purity of the powder was confirmed by XRD with Cu-Kα wavelength in reflection mode. The analysis 

did not show any difference in phase composition of the samples treated at different temperature (Figure 7). 

All the peaks in the diffraction patterns were identified as hexagonal titanium. Therefore, the volume fraction 

of any superficial second phase is below the detection limit of XRD, even the thick oxide layer formed  

at 450 °C. 

In summary, the results indicate that the optimal debinding temperature is 350 °C, as this temperature 

maximises the removal of carbon and nitrogen, while minimises the thermal oxidation of titanium.  

The experimental mass loss after debinding at this temperature was 90 % of the theoretical expected.  

The efficiency in the debinding was superior to that observed previously when chitosan was used as binder [6] 

and similar to that observed with Pluronic [7,8]. 
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Figure 7 XRD patterns before and after debinding Figure 8 Microstructure of the sintered titanium at 

1300 C for 10 h 

Figure 8 shows the microstructure of the sinter sample, which exhibited equiaxed alpha titanium grains with 

size of 67 m in average, few small pores and no evidences of carbide or oxide inclusions, as proof of titanium 

purity after sintering. This is a significant step forward respect the use of Pluronic as binder, which generates 

carbide inclusions [7]. Chemical purity was confirmed by XRD and EDX analysis, showing hexagonal titanium 

as the only crystalline phase and 95.5 wt% of titanium, 3.7 wt% of oxygen, 0.8 wt% of carbon and no signal of 

nitrogen in the metallographic cross-section of the sinter sample. 

4. CONCLUSION 

The titanium ink studied meets the requirements for robocasting, allowing the fabrication of a variety of different 

titanium structures, with maximum unsupported span of 2 mm. Efficient debinding was also achieved with 

minimal thermal oxidation of the titanium powder and very small residual fractions of carbon and nitrogen that 

did not generate inclusions or secondary phases in the microstructure of the sintered titanium samples. 

Robocasting is envisaged as cheaper additive manufacturing technology than selective laser melting for 

titanium, and the limits in the fabrication of complex structures, dimensional accuracy and mechanical 

performance deserve to be studied in future. 
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Abstract 

A study of A3003 aluminium alloy in H12 temper regarding microstructure analysis, tensile testing, fatigue 

loading and fractography of fracture surfaces was carried out. Specimens were cyclic loaded at five stress 

amplitude levels of 62, 68, 70, 72 and 76 MPa so that the results for both the low cycle fatigue and high cycle 

fatigue are obtained. During loading of the specimens at the highest stress amplitude the specimens resembled 

quasi-static fracture with necking usually seen in tensile testing. In our case, the stress amplitude of 72 MPa 

can be considered transient as the failure went from quasi-static fracture to fracture with typical signs of fatigue. 

The 68 MPa stress amplitude appears as a transition from LCF to HCF. Testing at the lowest stress amplitude 

was stopped after 107 cycles without failure of the material so it can be regarded as fatigue limit for this alloy. 

Wrought microstructure was observed using optical microscopy and present phases were identified by EDX 

analysis as Al6FeMn and α-Al12(Fe,Mn)3Si. The microstructure of H12 temper was compared with the same 

alloy in F state. 

Keywords: Low cycle fatigue, high cycle fatigue, A3003, fracture, Al-Mn 

1. INTRODUCTION 

Al-Mn based aluminium alloys are widely used throughout the industry. They are not suitable for highly 

stressed components as their main advantages are good formability, excellent corrosion resistance and 

specific strength rather than ultimate strength. In automotive industry, these alloys are mostly used for 

components in air conditioning as pipelines, condensers, containers, heat shields etc. With growing demand 

on performance of automobiles, the request for cooling also grows. Switching form internal combustion engines 

to electrical engines does not decrease the needs for effective cooling of the components and aluminium alloys 

are considered very effective solution with good cost, low weight and good possibilities for recycling but also 

with a lot of space for further research regarding their mechanical properties and especially fatigue properties. 

This study was focused on fatigue behaviour of the A3003-H12 alloy and fracture surfaces evaluation with 

regard to the number of loading cycles. The microstructure of the specimens was compared with the same 

alloy in F temper. Unlike H12 temper that describes work hardened to quarter hard and not annealed stage, F 

temper is “semi-finished” (otherwise as fabricated) stage with no property limits specified. 

2. METHODOLOGY & EXPERIMENTAL 

The investigation included microstructure analysis, phase analysis, tensile testing, fatigue testing and 

fractographic study of the fracture surfaces after loading with aim to evaluate fatigue behaviour of the alloy in 

H12 temper, to compare the fracture surfaces after low cycle fatigue (LCF) and high cycle fatigue (HCF). The 

alloy in rod shaped specimens was supplied by Hanon Systems Autopal s.r.o. company. In total 5 polished 

specimens of 60 mm overall length, with 30 mm working length and 5 mm working diameter were prepared for 
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the tensile testing and 14 polished specimens with 100 mm overall length, 50 mm working length and 6 mm 

working diameter for fatigue testing. Fatigue loading was carried out using servo-hydraulic single axis pulsator 

INOVA FU-63-930-V1 equipped with PC with TestControl_FU63 software. Tests were performed in load 

control mode using symmetric cycle at 5 levels of stress amplitude - 62, 68, 70, 72 and 76 MPa to obtain 

results for both low cycle fatigue (LCF) and high cycle fatigue (HCF) [1]. The study of fracture surfaces after 

tensile testing and after cyclic loading was performed using JEOL JSM-649OLV scanning electron microscope 

(SEM) equipped with OXFORD INSTRUMENTS INCA x-act tool for EDX microanalysis. Microstructure 

analysis was carried out on selected specimens using Olympus GX51 optical microscope (OM) with DP1 digital 

camera. Grain shape and size were showed after electrolytic colour etching in a solution composed of 5 ml 

48 % HBF4 and 200 ml H2O using Struers Lectropol-5 device. 

3. RESULTS AND DISCUSSION 

Selected specimens were subjected to the microstructure and phase analysis using both OM and SEM. When 

comparing the longitudinal cuts of the tested specimens, small phases elongated and oriented in the forming 

direction can be seen for both H12 and F tempers (Figure 1a and Figure 1c). The cross sections of the 

specimens show similar results with phases and grains having in most cases approximately equiaxed shape 

(Figures 1b and 1d).  

 

Figure 1 Microstructure of the specimens: a) longitudinal section of H12 temper, b) cross section of H12 

temper, c) longitudinal section of F temper, d) cross section of F temper 

The F temper contains fine particles of the similar size to that in H12 temper, but their distribution seems to be 

denser for the H12 temper. The phases observed were analysed using EDX analysis which confirmed the 

presence of α-Al12(Fe,Mn)3Si and Al6(Fe,Mn) particles. The distribution of the phases can be controlled by alloy 

composition and heat treatment so called “6 to alpha” transformation [2, 3], which supports growth of the α-

Al12(Fe,Mn)3Si phase with higher strength, while the Al6(Fe,Mn) particles dissolve. Complete dissolution of the 

phases mentioned is very complicated due to danger of melting at higher annealing temperatures [4]. Both 

phases can affect recrystallisation and precipitation processes and through of this fatigue resistance of the 

alloy. Finding detailed information about the effects of the phases mentioned above on fatigue behaviour of 

the alloy is very difficult. When looking at OM images of colour etched samples, it can be clearly seen that the 

grains have been elongated in the direction of forming as mentioned before (Figures 2a, 3a). The F temper 

shows much more profound deformation of the grains, which can be attributed to the fact, that recrystallisation 

annealing was not applied and the grains remained in deformed state (Figures 3a, 3b). We can also observe 

differences in size of the grains in the H12 temper (Figure 2b). The difference can be caused by thermo-

mechanical history of the H12 temper and possible dynamic recrystallisation processes occurring during 

extrusion [5]. 

a b 

c d 
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Figure 2 Colour etched microstructure of H12 temper: a) longitudinal, b) cross section 

 

Figure 3 Colour etched microstructure of F temper: a) longitudinal, b) cross section 

The yield strength Rp0.2 and ultimate tensile strength Rm obtained by tensile testing (Table 1) are within the 

specifications of the A3003 alloy [6] with approximate yield strength of 117 MPa and ultimate tensile strength 

of 123 MPa. Low difference between Rp0.2 and Rm corresponds with the H12 temper industrial data sheets. 

Table 1 Results of tensile testing for A3003-H12 samples 

Sample Rp0.2 (MPa) Rm (MPa) 

1 116 123 

2 117 123 

3 121 124 

4 118 123 

5 117 123 

Average value 118 ± 1.9 123 ± 0.4 

 
Figure 4 SEM image of fracture surface for the specimen 1 after tensile testing: a) surface with ductile 

dimples, b) detail of remaining phases observed in SEM BEI mode 

a b 

a b 

a b 
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During the tensile testing, all specimens have been deformed with typical necking in the area of final rupture. 

As it can be seen in Figure 4a, fracture surface shows signs of ductile character with dimples and no visible 

grain boundaries which points out to ductile transgranular fracture. The image performed in backscattered 

electrons mode (SEM BEI) shows remaining phases inside the dimples which probably acted as initiation sites 

for the failure (Figure 4b). 

Fatigue testing has been carried out using load control mode and symmetrical cycle of loading at five stress 

amplitudes with 20 Hz testing frequency. Used stress amplitudes were chosen in correlation with [1] to cover 

both LCF and HCF. Results of the tensile testing can be seen in Table 2. 

Table 2 Results of fatigue testing for A3003-H12 samples 

Specimen No. σa(MPa) Cycles executed Result 

2 76 9,991 Fractured with necking 

3 76 9,245 Fractured with necking 

4 76 7,551 Fractured with necking 

10 72 14,915 Fractured with necking 

11 72 38,813 Fractured 

12 72 36,563 Fractured 

13 70 39,211 Fractured 

14 70 77,193 Fractured 

1 68 2,754,924 Fractured 

5 68 210,231 Fractured 

6 68 1,265,631 Fractured 

7 62 10,069,149 Unbroken 

8 62 10,169,378 Unbroken 

9 62 10,135,993 Unbroken 

In the column of cycles executed some fluctuation of the results is evident. The widest range of values was 

obtained for the 68 MPa stress amplitude. The most probable cause is some defect in the surface layer, which 

significantly reduced the time (number of cycles needed) for microcracks propagation for the sample 5 or 6. 

Specimens tested at the highest stress amplitude (76 MPa) have been fractured with presence of necking 

similar to the tensile testing, without typical signs of fatigue on the fracture surfaces (Figure 5). The deformation 

of these samples reminds cyclic creep (ratcheting) even without the presence of nominal stress for which the 

ratcheting is typical [7]. 

 

 

 

 

 

 

Figure 5 SEM fractography for the specimen 2 after fatigue loading at 76 MPa: a) general view of the 

fracture surface, b) detail of the surface with two different mechanisms of crack propagation 

a b 
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The stress amplitude level of 72 MPa could be considered transitional as two results were obtained: one type 

of fracture was similar to the ones obtained at the highest stress level amplitude and the second type was 

typical fatigue fracture with radial steps, beachmarks, striations and final overload fracture (Figure 6). 

    

Figure 6 SEM fractography for the specimen 11 after fatigue loading at 72 MPa (LCF): a) general view of the 

fracture surface, b) detail of alternating crack propagation mechanisms 

In this case, the 68 MPa stress amplitude level could be considered as a transition from LCF to HCF with the 

number of cycles in magnitude of 105 to 106. Even though there is massive difference in the number of cycles, 

the fracture surfaces look very similar (Figure 7). This is in accordance with the theory behind the big difference 

in the number of cycles executed. While more than 90 % of lifetime of the material during fatigue loading is 

consumed by microcracks propagation, the process of fatigue crack propagation after the initiation is relatively 

fast [8].  

    

Figure 7 SEM fractography for the specimens after fatigue loading at 68 MPa: a) specimen 1 (after 106 

cycles), b) specimen 5 (after 105 cycles) 

Important difference in fracture feature of the specimens loaded at 72 MPa or 68 MPa consists in ratio of 

ductile and brittle fields. Indeed, for the specimen loaded at higher stress amplitude the area of faster crack 

propagation with alternating mechanism of ductile/brittle crack propagation occupies bigger part of the surface 

and the individual marks are bigger and further away from each other. Testing on the lowest stress amplitude 

was ended after 107 cycles without failure of the specimens, therefore in these conditions the stress amplitude 

of 62 MPa can be considered as the fatigue limit for this alloy [9]. Microhardness evaluation showed a trend of 

slight increasing hardness with increasing amount of deformation accumulated in the material. Nevertheless, 

the differences in microhardness are relatively small with average HV0.1 values of 48 and 43 for H12 and F 

tempers, respectively. 

a b 

a b 
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4. CONCLUSION 

The study of the mechanical properties and microstructure was carried out for A3003-H12 alloy. The alloy was 

subjected to tensile and fatigue testing. During the tensile testing, specimens have been deformed with the 

presence of typical necking in the area of fracture. Values of the tensile strength obtained correspond with 

specifications of the alloy. During the fatigue loading (LCF) at 72 MPa stress amplitude two results were 

obtained: first with deformation and necking of the specimen similar to the tensile testing and with no marks of 

fatigue on the fracture surface, second with typical fatigue fracture features. Lower stress amplitudes resulted 

in typical fatigue failures with initiation sites, radial steps, beachmarks, striations and final overload fractures. 

The main difference between the LCF and HCF fracture surfaces observed consisted in different proportions 

of the areas with different mechanisms of crack propagation. The lowest stress amplitude of 62 MPa can be 

considered as fatigue limit of the alloy under these conditions as there was no damage observed even after 

107 numbers of cycles. Furthermore, the microstructure and microhardness of H12 and F tempers of the same 

alloy composition were compared. Microhardness values measured for both states showed increasing trend 

relating with thermo-mechanical treatment applied during material processing when F temper proved lowest 

hardness. 

ACKNOWLEDGEMENTS   

This work has been realized in the framework of the SGS project No. SP2021/62 "Materials based on 
non-ferrous metals - preparation, processes for improving their properties, area of application and 

the possibilities of recycling selected types of waste". 

REFERENCES 

[1] YAGUCHI, H. Fatigue-damage evaluation in aluminum heat-transfer tubes by measuring cell-wall thickness. 

Materials Science and Engineering. 2001, vol. 315, pp. 189-194. 

[2] DU, Quiang. Microstructural modeling of the homogenization heat treatment for AA3XXX alloys. JOM. [online]. 

2011, vol. 63, issue 7, pp. 35-39. Available from: https://doi.org/10.1007/s11837-011-0107-1. 

[3] ALEXANDER, D.T.L. Solid-state intermetallic phase transformations in 3XXX aluminium alloys. Acta Materialia. 

2002, vol. 50, pp. 2571-2583. 

[4] ŠKODA, J. Study of fatigue fractures of Al-Mn alloy. In: IOP Conf. Ser.: Mater. Sci. Eng. Prague, 2019, pp. 461-

467. 

[5] MAHMOODKHANI, Y. The development of grain structure during axisymmetric extrusion of AA3003 aluminum 

alloys. Metallurgical and Materials Transactions. 2015, vol. 46, issue 12, pp. 5920-5932. 

[6] Atlas steels. Aluminium Alloy Data Sheet 3003.  [online]. 2015. [viewed: 2021-05-07]. Available from: 

www.atlassteels.com.au 

[7] SURAJIT, K.P. A critical review of experimental aspects in ratcheting fatigue: microstructure to specimen 

component. Journal of Materials Research and Technology. 2019, vol. 8, issue 5, pp. 4894-4914.  

[8] MILELLA, Pietro Paolo. Fatigue and Corrosion in Metals. London: Springer, 2013. 

[9] ASM 05224G. Elements of Metallurgy and Engineering Alloys. Materials Park, Ohio, USA: ASM International, 
2008. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1228 

EFFECT OF AlTi3B1 AND AlTi5B1 INOCULANT ADDITION ON THE AlCu4Mg1 

MICROSTRUCTURE OF GRAVITY CAST CASTINGS   

Jaroslava SVOBODOVA, Irena LYSONKOVA, Natasa NAPRSTKOVA 

University of J. E. Purkyně in Ústí nad Labem, Ústí nad Labem, Czech Republic, EU, 

jaroslava.svobodova@ujep.cz, irena.lysonkova@ujep.cz, natasa.naprstkova@ujep.cz 

https://doi.org/10.37904/metal.2021.4268 

Abstract 

Inoculation of aluminum alloys is performed to improve the mechanical and technological properties of the 

material. In the case of inoculation, this improvement is mainly due to an increase in chemical and structural 

homogeneity and a decrease in the tendency to segregate individual elements. The inoculation of hypoeutectic 

aluminum alloys is carried out with Ti or a combination of Ti and B. These elements are added to the melt with 

seed salts (eg. K2TiF6, KBF4), seed tablets or in the form of Al-Ti or Al-Ti-B master alloys. Aluminum-titanium-

boron master alloys (in the form of Coil / Stick / Waffle / Piglet / Bar) AlTi5B1, AlTi3B1, AlTi5B0.2 are used for 

refining grain of pure aluminum or aluminum alloys during melting. The paper focuses on the inoculation of 

AlCu4Mg1 alloy with two types of AlTi3B1 and AlTi5B1 master alloys. To map the effect of these two inoculants, 

we added different concentrations of these master alloys to the alloy. Subsequently, we monitored the effect 

on grain size, intermetallic phase fraction and chemical heterogeneity. The alloy after inoculation with stated 

master alloys was also heat-treated and the effect of heat treatment was evaluated. Microstructural analysis 

was performed using an optical and scanning electron microscope (SEM).  

Keywords: AlCu4Mg1, inoculation, heat treatment, microstructure, segregation 

1. INTRODUCTION 

Inoculation of aluminum alloys is essentially the treatment of the liquid metal by the addition of a small amount 

of a suitably selected substance. This substance affects the crystallization process. Inoculation preferentially 

affects the number of nuclei and the effect of this process is, therefore, refinement of the final structure of the 

material/alloy. Al alloys are inoculated to refine the metal matrix, i.e. the solid solution of α with additives of 

some transition metals [1,2]. 

We know of several theories that explain the causes of α-phase refinement: 

1) Theory based on peritectic transformation in the aluminum-transition metal system. 

2) Theory based on the formation of intermetallic aluminum-transition metal compounds (or transition metal 

carbide). 

3) Theory based on the electron structure of transition metals (the refining effect of a metal is greater the 

fewer electrons are in the d-path of its atoms) [2]. 

The refinement of the solid solution α is realized by the addition of Ti and B. These elements are added to the 

melt either individually or in combination. They are added to the melt in the form of intermetallic compounds, 

which are contained in the appropriate master alloys (AlTi5B1, AlTi3B1). Titanium is added to the alloy in the 

form of an AlTi-type master alloy (e.g. AlTi6), which contains the intermetallic compound TiAl3. Boron is added 

to the melt in the form of an AlB type master alloy (e.g. AlB4) and forms the intermetallic compound AlB2. The 

combination of titanium and boron is added to the melt in the form of an AlTiB type master alloy (e.g. AlTi5B1, 

AlTi3B1, and AlTi5B0.2). This type of master alloy contains active elements Ti and B in the form of TiB2 and 
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TiAl3 intermetallic compounds. The intermetallic compounds AlB2 and TiAl3 are soluble in the solid solution α, 

while the intermetallic compound TiB2 is insoluble in the solid solution. This fact leads to the characteristic 

manifestations of the refinement of a solid solution α with one of the elements Ti and B separately [4]. Figure 1 

shows the effect of individual master alloys on SDAS (secondary dendrite arm spacing) for AlSi7Mg0.3 alloy 

[2,6]. 

 

Figure 1 Influence of individual master alloys on SDAS 6 

Inoculation with titanium and boron in combination has a weaker softening effect than boron itself, but a higher 

softening effect than titanium itself. This combination is commonly used in practice. The grain refinement of 

the solid solution α is carried out by the effect of the following phases TiAl3 and TiB2, or (Al, Ti)B2, which are 

introduced into the melt by AlTiB-type master alloys. Figure 2 shows structure of used AlTi3B1 inoculation 

wire. Figure 3 shows structure of AlTi5B1 SEM - TiAl3 and TiB2 phases [5]. The structure is very important for 

a given inoculation wire, as already mentioned in the publication [6]. It very much depends on the size of 

intermetallic particles, when the size of about 20 m seems to be the most advantageous. The optimal 

endurance time for inoculation with AlTiB type alloys is 5-10 minutes [2]. But it can be even more. The author 

[7] tested different times and achieved satisfactory results even at 30 minutes. 

  

Figure 2 Structure of the used AlTi5B1 

inoculation wire  

Figure 3 Structure of AlTi5B1 SEM - TiAl3 and TiB2 phases [5] 

Many articles have been published on Ti-B master alloy inoculation [6-9]. However there is no comprehensive 

description of this issue in any of the specific AlCu4Mg1 alloys using two types of AlTiB inoculants. This paper 

is focused on the evaluation of grain size, chemical heterogeneity after the addition of two types of inoculants 

in combination with subsequent heat treatment, their comparison and finding the most suitable combination of 

processing of this particular alloy from the point of view of microstructure. Analysis and evaluation of the 

structure of the castings was performed using optical microscopy and SEM to approximate and understand 

the result of grain refinement when adding inoculum to the alloy. 
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2. MATERIAL AND EXPERIMENTAL SAMPLES 

AlCu4Mg1 alloy (EN AW-2024, dural) is used in the hardened state and therefore belongs to the 2000 series 

Al-Cu alloys. These are the most widely used forming alloys used in the automotive and aerospace industries 

for components that operate at normal temperatures. It is a light alloy with high strength but low corrosion 

resistance. It is one of the most important aluminum alloys. The alloy mainly contains the binary eutectic α + 

CuAl2 and a small amount of the ternary eutectic α + CuAl2 + S (Cu2Mg2Al5). In addition to these basic phase 

components, other phases may occur in the alloy, namely: Mg2Si, FeAl3, AlFeMnSi, AlCuFeMn, etc. [1,2]. 

The aluminum alloy was melted (1000 g) in an induction furnace at 720 °C. The furnace temperature was 

captured using a digital thermometer with an accuracy of ± 2 °C. The melt was treated during melting by 

refining salt and the smear was shut down from the melt surface. At the end of the melting process, AlTi3B1 

or AlTi5B1 wire was added to the alloy in concentrations 0 0.1 0.5 1 3 5 (wt%).  The samples were taken 

from the melt 30 minutes after the addition and solidified in small graphite crucibles. The heat treatment 

parameters were set: heating of castings 500 °C, holding at a temperature of 360 min and cooling to water, 

the subsequent ageing took place naturally. The chemical composition of the prepared alloys was determined 

with spectrometric analysis on device Tasman Q4 (OES). We can state that all samples had a suitable 

chemical composition in the range according to the standard for this material. Below (Table 1) is a chemical 

composition of AlCu4Mg1 alloy (EN AW-2024). 

Table 1 Chemical composition of AlCu4Mg1 alloy with AlTi3B1 addition (in wt%) 

Element Si Fe Cu Mn Mg Cr Zn Ti Al Other 

EN AW 2024 
max. 
0.50 

max. 
0.50 

3.8 - 
4.9 

0.3 - 
0.9 

1.2 - 
1.8 

max. 
0.1 

max. 
0.25 

max. 
0.15 

residue 
max. 
0,15 

0 % 0.048 0.062 5.049 0.476 1.216 <0.002 0.255 0.043 92.73 residue 

AlTi3B1 - 0.1 % 0.549 0.065 2.441 0.276 1.890 <0.002 0.258 0.131 94.20 residue 

AlTi3B1 - 0.5 % 0.533 0.066 4.589 0.673 1.171 <0.002 0.243 0.154 92.39 residue 

AlTi3B1 - 1 % 0.490 0.162 4.873 0.430 1.507 <0.002 0.235 0.163 96.87 residue 

AlTi3B1 - 3 % 0.380 0.070 4.870 0.528 1.534 <0.002 0.208 0.238 92.03 residue 

AlTi3B1 - 5 % 0.465 0.087 4.951 0.607 1.195 <0.002 0.197 0.351 92.01 residue 

AlTi5B1 - 0.1 % 0.482 0.486 5.177 0.507 0.916 0.069 0.045 0.102 92.08 residue 

AlTi5B1 - 0.5 % 0.368 0.449 5.224 0.485 0.926 0.070 0.046 0.125 92.17 residue 

AlTi5B1 - 1 % 0.341 0.431 4.470 0.479 1.147 0.079 0.031 0.185 92.71 residue 

AlTi5B1 - 3 % 0.359 0.429 4.717 0.466 1.039 0.074 0.034 0.288 92.46 residue 

AlTi5B1 - 5 % 0.334 0.448 4.637 0.470 1.144 0.077 0.035 0.342 92.32 residue 

3. RESULTS AND DISCUSSION 

3.1. Optical microscopy 

Metallographic experimental samples were prepared from castings by the classical procedure of preparation 

of metallographic samples (cutting, grinding and polishing). Thus prepared samples were observed and 

scanned by confocal laser microscope. For the purposes of this paper, only representatives from all 

experimental samples are listed. The grain structure of the AlCu4Mg1 alloy before and after inoculation is 

illustrated in Figure 4. As part of the microscopic analysis, a structure was observed after colour etching, which 

will allow the evaluation of chemical heterogeneity after inoculation and heat treatment, Figure 5. 

Figure 5 documents experimental samples of B - after inoculation with AlTi3B1 0.5 wt%, C - after inoculation 

with AlTi5B1 0.5 wt% - colour etched - as an example of chemical heterogeneity (crystal segregation within 

individual cells) of experimental alloys. Each colour shade in cross section of the dendritic cell represents an 

inhomogeneity of chemical composition. The images show the heterogeneity of the chemical composition of 
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individual dendritic cells and the interdendritic space in colour, where in Figure 5 C (AlTi5B1 inoculant) the 

chemical heterogeneity is more uniform than in Figure 5 B (AlTi3B1 inoculant). Boron usually occurs near the 

intermetallic phases, dispersed i solid solution α. 

 

Figure 4 Structure of AlCu4Mg1 alloy in cast state, A-without inoculant, B-after inoculation with AlTi3B1 0.5 

wt%, C-after inoculation with AlTi5B1 0.5 wt%  

 

Figure 5 Structure of AlCu4Mg1 alloy in cast state, A-without inoculant, B-after inoculation with AlTi3B1 0.5 

wt%, C-after inoculation with AlTi5B1 0.5 wt%- colour etched  

3.2.  Grain size measurement 

Grain size measurements were performed on metallographic sections by image analysis of Grain Intercept, 

resp. measurement Grain size number G according to ASTM. The method is used to measure and document 

the grain size according to the standard ASTM E 112 Grain Size Measuring Methods. The ASTM E112-13 

grain size number, G, is defined as NAE = 2G-1 where NAE is the number of grains per square inch at 100X 

magnification. Grain boundary intersection count: Determination of the number of times a test line cuts across 

or is tangent to, grain boundaries. The results of the analysis are shown in Table 2. 

Table 2 The image analysis results - fraction %, Grain size number G  

Sample 1 2 21 22 23 24 25 26 27 28 29 30 31 32 

AlTi5B1 (wt%) 0 0 0.1 0.1 0.3 0.3 0.5 0.5 1 1 3 3 5 5 

Fraction (%) 7.01 3.71 8.03 5.40 7.13 4.27 7.76 4.04 7.20 6.10 7.75 4.26 7.53 4.50 

Heat treatment -  -  -  -  -  -  -  

Grain size no. 1.76 - 2.97 - 3.06 - 2.93 - 3.02 - 3.79 - 2.93 - 

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

AlTi3B1 (wt%) 0 0 0.1 0.1 0.3 0.3 0.5 0.5 1 1 3 3 5 5 

Fraction (%) 7.01 3.71 4.58 3.35 5.13 4.49 9.60 4.77 7.51 3.98 6.74 4.18 7.88 6.37 

Heat treatment -  -  -  -  -  -  -  

Grain size no. 1.76 - 2.26 - 3.32 - 2.93 - 2.48 - 2.93 - 3.41 - 
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3.3.  Evaluation using SEM and EDS (Electron Dispersive Spectroscopy) analysis 

To evaluate the effect of heat treatment on chemical heterogeneity, the AlCu4Mg1 alloy was subjected to EDS 

analysis (point - Figure 7), which showed the distribution of aluminum as the base metal and individual alloying 

elements in a selected area of the AlCu4Mg1 alloy sample before and after heat treatment (Figure 6). Sample 

26 is presented in this paper (AlCu4Mg1, 0.5 wt% of AlTi5B1, heat-treated). The results of the sample 6 

(AlCu4Mg1, 0.3 wt% of AlTi3B1, heat-treated) were published in the article [4]. 

 

Figure 6 Structure of AlCu4Mg1 alloy in cast state, AlTi5B1 0.5 %, A-without HT (25), B-after HT (26) 

 

Figure 7 EDS of the alloy AlCu4Mg1, 0.5 wt% of AlTi5B1, heat-treated sample 26  

Increased copper concentration is in interdendritic spaces. The 

Ti, B particles are dispersed in α solid solution and Ti is also a 

part of intermetallic phases. The results for the AlTi5B1 

inoculation are very similar to those for the AlTi3B1 vaccine, as 

published in [4]. The evidence of the boron presence shows 

Figure 8. The result of the EDS analysis is shown in the Table 3.  

 

 

 

Figure 8 Presence of boron in alloy AlCu4Mg1 
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Table 3 Content of elements from EDS analysis in alloy AlCu4Mg1 (see Figure 8) 

 

4. CONCLUSION 

The experimental work described in this paper is focused on the microstructure evaluation and identification 

of chemical heterogeneity in the alloy EN AW-2024 (AlCu4Mg1). The structure of the alloy was influenced 

using AlTi5B1 and AlTi3B1 inoculant in different wt% amount and heat treatment (homogenization annealing). 

To investigate the heterogeneity of the structure, the samples were colour etched before and after heat 

treatment. Both inoculants affected the structure of the alloy (the grain size G). Grain size is one of the 

important factors that affect the properties of the alloy. Grain refinement has certain advantages, such as a 

homogeneous distribution of the second phases, better supply eliminating shrinkage porosity, better strength 

and better fatigue life. The smaller grain size thus also affects the mechanical properties, as is generally known. 

Subsequent heat treatment affects the proportion of fraction, i.e. intermetallic phases in the microstructure. We 

compared the results for both inoculants in terms of grain size G, then we notice the difference between the 

inoculants, but it is not as significant as we expected. For AlTi5B1, sample 29 with 3 % inoculant content has 

the best result (Table 2). Higher concentrations are not effective, at lower concentrations the results are 

comparable. In the case of the AlTi3B1 inoculant, we achieve the best result at a 5% concentration of the 

inoculant. If we consider all the results, then the AlTi5B1 inoculant appears to be more suitable for this 

particular type of AlCu4Mg1 alloy. We also used the colour metallography for the evaluation of the 

microstructure. It is effective method which allows to observe and document intermetallic phases and 

heterogeneity of chemical composition or segregation of crystals in dendritic cells. Individual colours tones 

after a cross-section of a dendritic cell documenting inhomogeneity of chemical composition. After heat 

treatment, it is possible to observe the dissolution of one or more phases in the α solid solution. Chemical 

heterogeneity was also partially removed as a result of the heat treatment. 
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Abstract  

Aluminum alloy EN AW-2024 (AlCu4Mg1 - dural) - Al-Cu-Mg group is one of the most used alloys from this 

group, which achieves considerable strength after heat treatment. It is an alloy with higher and high strength, 

but low corrosion resistance. The mechanical properties of Al-Cu alloys depend on whether Cu is present in 

the aluminum solid solution α in the form of a spheroid, possibly as dispersed particles or if it is forming a 

network at grain boundaries. The paper is focused on the evaluation (microstructure, grain size, phase fraction, 

hardness) of this particular alloy using AlTi5B1 inoculant in various concentrations to refine the alloy grain. The 

heat treatment of the alloy was also performed in the experiment to increase the mechanical properties. 

Inoculation of aluminum alloys is performed to improve the mechanical and technological properties of the 

material. In the case of inoculation, this improvement is mainly due to an increase in chemical and structural 

homogeneity and a decrease in the tendency to segregate individual elements. Optical microscopy and image 

phase analysis was used to observe the microstructure, which evaluated the microstructure and its changes 

depending on the content of the inoculant and also the effect of heat treatment in the combination of different 

amount of inoculant. It is generally known that AlTi5B1 acts in certain amounts to refining the alloy grain. Our 

work is based on the knowledge of the behaviour of different concentrations of inoculant in this particular 

AlCu4Mg1 alloy and responds to the requirement from practice. We achieved the best results with a 

concentration 3 wt% of AlTi5B1. For the other concentrations, the results were almost comparable and not 

much worse than for the concentration with the best results. It doesn't make sense to add more than 3 wt% of 

inoculant in this case. 

Keywords: Metallurgy, inoculation, AlCu4Mg1, heat treatment, microstructure 

1. INTRODUCTION 

Aluminum and its alloys are materials that have been tested for many years and are used for various 

applications. The most characteristic property of aluminum is its low weight (3 times lower than Fe) and low 

melting point (about 2.5 times lower than Fe). Another advantage of aluminum and its alloys is good corrosion 

resistance due to the formation of a thin and resistant (passive) Al2O3 layer. Aluminum and its alloys are 

therefore suitable for use in the construction of aircraft, automobiles, various building structures, etc. AlCu4Mg1 

is an aluminum alloy for forming with higher and high strength but low corrosion resistance. There is mainly a 

binary eutectic α + CuAl2 and a small amount of ternary eutectic α + CuAl2 + Cu2Mg2Al5 in the alloy AlCu4Mg1 

(type AlCuMg). In addition to these basic phase components, there may be other phases, namely: Mg2Si, 

FeAl3, AlFeMnSi, AlCuFeMn, etc. This type of alloy is used for various applications from the aerospace, 

automotive and construction industries. The structure and properties of these materials can be influenced by 

several factors, such as a change in chemical composition, the addition of grain refining agents, minimization 

of inclusions and impurities, or the use of heat treatment [1,2]. 
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When we use high concentrations of alloying elements than inhomogeneity in the structure and strong 

segregation of the secondary phase can occur. For castings, mechanical properties may vary from location to 

location due to changes in grain size, amount of eutectic phase, and amount of precipitates. Much attention 

has been paid to reducing the segregation of alloying elements during the setting time of high-alloyed Al alloys 

[2]. Grain size is one of the most important factors that affect the properties of an alloy. Grain refinement has 

certain advantages, such as a homogeneous distribution of secondary phases, better feeding to eliminate 

shrinkage porosity, better strength and better fatigue life [1,3]. It also reduces the possibility of hot cracking 

and dispersed and refined porosity distribution. Hall-Patch material strengthening is one of the important 

methods of grain refinement [3,4]. 

By adding grain refining agents (inoculants) we achieve favourable changes in the microstructure (refining of 

α-Al solid solution) and mechanical properties of the material. There are several possibilities, but in our paper, 

we will focus on titanium and boron in combination. The refinement of the solid solution α with titanium and 

boron is carried out by the action of the TiAl3 and TiB2 phases, respectively (Al,Ti)B2, which are added to the 

melt in the form of AlTiB type master alloys. AlTiB is the most commonly used ternary master alloy for grain 

refinement in aluminum and its alloys. Boron is completely bound in the insoluble phase TiB2, AlB2 or (Al,Ti)B2, 

which is usually very finely precipitated in the master alloy. Both TiB2 and AlB2 phases have a hexagonal 

structure [5,3]. As stated [3,6] during the examination of Al-Ti-B master alloy was observed that TiAl3 is in the 

centre of the solid Al grain whereas TiB₂ particles are on boundaries. 

 

Figure 1 Schema of TiAl3 and TiB2 activity outside the melt composition [6] 

If TiB₂ having powerful characteristics and surface free energy then it should have found TiB₂ in the centre, 

instead of it we found TiAl₃ in the centre as shown in Figure 1, which suggests TiB₂ is poor nucleant [3]. The 

rest of the titanium content is excluded in the form of polyhedral particles of the intermetallic phase of TiAl3 

which is soluble in the melt. The TiB2 phase particles cannot act as active nuclei due to the difference of the 

crystal lattice with aluminum.  

2. EXPERIMENT  

We focused on the AlCu4Mg1 alloy in the experiment. The requirement to test this particular alloy using Al-Ti-

B type inoculants was made by an unnamed company to determine the practical use. The experiment should 

answer the question which inoculant (AlTi3B1 [7] x AlTi5B1) is more suitable and in which concentration is 

more effective. The effect of AlTi3B1 was published in [7]. In this paper we focus on AlTi5B1 in various 

concentrations from 0.1 to 5 wt%. We prepared 1000 g of AlCu4Mg1 melt (for each concentration of inoculant), 

which was inoculated with AlTi5B1 after 30 minutes for the experiment. The melt cooled in small graphite 

crucibles. The aluminum alloy was melted in an induction furnace at 720 °C, the furnace temperature was 
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captured using a digital thermometer with an accuracy of ± 2 °C. The melt was treated during melting by 

refining salt and the smear was shut down from the melt surface. Part of the castings was heat treated at 

parameters: heating the castings 500 °C, withstanding at the temperature of 360 min and cooling to water, 

subsequent ageing was unaffected. Metallographic experimental samples were prepared from castings by the 

classical procedure of preparation of metallographic samples (cutting, grinding, and polishing). Thus prepared 

samples were observed and scanned by confocal laser microscope Olympus LEXT OLS5000. The image 

phase analysis was used for grain size measurement and intermetallic phase fraction. To evaluate the 

mechanical properties, the samples were subjected to Brinell hardness measurements. All samples were 

compared with each other and based on the results, the relevant conclusions were summarized. The chemical 

composition of the prepared alloys was determined with spectrometric analysis on device Tasman Q4 (OES). 

We can state that all samples had a suitable chemical composition in the range according to the standard for 

this material. Chemical composition of experimental alloys AlCu4Mg1 alloy is given below (EN AW-2024) in 

the Table 1.  

Table 1 Chemical composition of the alloy AlCu4Mg1 with AlTi5B1  

Element 

(wt%) 
Si Fe Cu Mn Mg Cr Zn Ti Al Other 

EN AW 2024 
max. 
0.50 

max. 
0.50 

3.8 - 
4.9 

0.3 - 
0.9 

1.2 - 
1.8 

max. 
0.1 

max. 
0.25 

max. 
0.15 

residue 
max. 
0.15 

1 0.048 0.062 5.049 0.476 1.216 <0.002 0.255 0.043 92.73 residue 

2 0.479 0.077 4.874 0.511 1.037 <0.002 0.261 0.117 92.53 residue 

21 0.482 0.486 5.177 0.507 0.916 0.069 0.045 0.102 92.08 residue 

22 0.362 0.486 4.675 0.503 1.035 0.079 0.035 0.108 92.56 residue 

23 0.402 0.457 5.169 0.492 1.086 0.070 0.045 0.113 92.02 residue 

24 0.355 0.490 4.512 0.506 1.281 0.079 0.032 0.110 92.47 residue 

25 0.368 0.449 5.224 0.485 0.926 0.070 0.046 0.125 92.17 residue 

26 0.343 0.441 4.576 0.486 1.186 0.078 0.031 0.122 92.57 residue 

27 0.341 0.431 4.470 0.479 1.147 0.079 0.031 0.185 92.71 residue 

28 0.329 0.523 4.128 0.516 0.977 0.080 0.029 0.187 93.09 residue 

29 0.359 0.429 4.717 0.466 1.039 0.074 0.034 0.288 92.46 residue 

30 0.349 0.449 4.547 0.475 1.037 0.078 0.032 0.253 92.60 residue 

31 0.334 0.448 4.637 0.470 1.044 0.077 0.035 0.342 92.32 residue 

32 0.337 0.407 4.313 0.450 1.054 0.075 0.031 0.349 92.87 residue 

3. RESULTS AND DISCUSSION 

3.1. Optical microscopy analysis and image analysis 

Figures 2 and 3 document the basic structure of an alloy without inoculation, before and after heat treatment. 

The binary eutectic α+CuAl2 mainly occurs in the alloy AlCu4Mg1 (type Al-Cu-Mg) and a small amount of 

ternary eutectic α+CuAl2+S (Cu2Mg2Al5). In addition to these basic phase components, there may be other 

phases, namely: FeAl3, AlFeMnSi, AlCuFeMn etc. [1]. Figure 4 documents the structures of selected 

experimental samples after inoculation, without and with heat treatment (HT). There are no significant 

differences in the structures. To obtain specific data and quantify the effect of the inoculant (or its amount) on 

this particular alloy, image analysis (grain size measurement Figure 5 and intermetallic phase fraction in 

Figure 6 was performed.  
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Figure 2 Structure of the AlCu4Mg1 alloy in the 

cast state, one of the most common phases of the 

duralumin type is CuAl2 (creates cross-linking along 

grain boundaries), without heat treatment sample 

no. 1 0 wt% AlTi5B1 

Figure 3 Structure of the AlCu4Mg1 alloy, after 

heat treatment, dissolution of phases sample no. 

2 0 wt% AlTi5B1  

Grain size measurements were performed on metallographic sections by image analysis of Grain Intercept, 

resp. measurement Grain size number G according to ASTM. The influence of heat treatment can be 

monitored using phase analysis, from which we obtain, for example % fraction. In the phase analysis, we 

measure the proportion that the phase area occupies in the experimental samples. The results of the phase 

analysis are shown in Table 2. 

 

Figure 4 Structures of the experimental AlCu4Mg1 alloy 
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Figure 5 Grain size measurement (G) Figure 6 Intermetallic phase fraction (%) 

Table 2 The image analysis results - fraction %, Grain size number G  

 

As expected, the phase analysis showed a favourable effect of the heat treatment. The proportion of the 

fraction after heat treatment is converted into a solid solution in all samples of the smaller soluble phase. Due 

to the heat treatment of the experimental samples, the phases dissolved and this corresponds to the proportion 

of the fraction before and after the heat treatment. The grain size is larger for all samples after the addition of 

the inoculant. We expected this result. The effect on grain size itself is interesting, when we expected 

differences in individual concentrations. The best result was obtained with sample 29 (3 wt% AlTi5B1, without 

HT, see Figure 7). There is almost no difference in the other samples. It is therefore not desirable to add more 

than 3 wt% of inoculant. 

  

Figure 7 Graphical representation of the Grain 

size number G analysis 

Figure 8 Graphical representation of the hardness 

measurement result HBW 

3.2.  Mechanical properties 

The hardness test of castings made of AlCu4Mg1 alloy was performed according to the standard CSN EN ISO 

6506-1 on a hardness tester Ernst Härteprüfer AT 250 at nominal load value HBW5 (F = 1 225 N, 125 kgf), 

which acted on the test specimen (ball with a diameter of 5 mm) for 10 s. The results of the Brinell hardness 
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measurements are plotted in Figure 8 (samples after heat treatment are marked in black). Table 3 shows the 

Brinell hardness measurements and the calculated (orientation) value Rm (MPa). The table shows the 

arithmetic mean of 20 measurements for all experimental samples (J), standard deviation () and variance of 

values (2).  

Table 3 Hardness measurement HBW 

 

The results of the measurements show a favourable effect of the inoculant and heat treatment on the hardness 

of the AlCu4Mg1 alloy. However, the effect of grain refinement between individual concentrations is not very 

significant. We achieved the best results at a concentration of 3 wt% AlTi5B1. In essence, there was an 

increase in hardness after inoculation as a result of grain refinement, as demonstrated by microscopic analysis 

and grain size evaluation. We achieved the increase in hardness by heat treatment. Defections in variance 

values and standard deviation are caused by structural inhomogeneity. When evaluating mechanical 

properties, we must also take into account that the samples contained porosity in the structure due to laboratory 

casting technology (gravity casting in graphite crucibles. Defects such as pores, inclusions, oxides or 

equilibrium intermetallic phases generally act to reduce mechanical properties.  

4. CONCLUSION 

In the present work, the effect of AlTi5B1 grain refiner on microstructure and mechanical properties of 

AlCu4Mg1 allow was studied. The following conclusions can be drawn based of the experimental results: a) 

the addition of AlTi5B1 master alloy reduced the grain size of AlCu4Mg1 alloy. However, the results were not 

very significant for individual experimental samples. We achieved the best results with a 3 wt% concentration 

of AlTi5B1 content in the alloy. Larger quantities have no benefit and at lower quantities the grain size values 

are almost at the same level b) the heat treatment was evaluated by means of phase analysis and as 

expected, the intermetallic phases dissolved into a solid solution and the hardness of the alloy increased c) 

the proportion of fraction was lower in the samples after heat treatment d) due to the favourable results of the 

image analysis (reduction of grain size, dissolution of intermetallic phases after heat treatment) we can state 

the favourable effect of the inoculant on the microstructure and mechanical properties of the alloy e) 

mechanical properties of AlCu4Mg1 alloy were improved by the addition of AlTi5B1 master alloy f) at a content 

3 wt% of AlTi3B1 the hardness increased from 71 HBW to 80 HBW and from 82 HBW to 94 HBW after heat 

treatment g)  the results are significantly affected by the sampling site for metallographic sample h) however, 

the results can be used to assess the beneficial effect of the addition of inoculant on the microstructure and 

mechanical properties of the contents 3 wt% AlTi5B1 for specific AlCu4Mg1 alloy processing conditions. 
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Abstract  

The microstructure and fatigue properties of specimens prepared using the selective laser melting technology 

were analyzed and compared to specimens produced of Ti6Al4V alloy by a conventional way, it means by the 

casting and forging. The forged samples were studied in both as-received and annealed + hot isostatic pressed 

conditions; the selective laser melted samples were tested after annealing + hot isostatic pressing. It was 

proved that the forged specimens showed better fatigue properties than the selective laser melted samples, 

according to defects formed during the powder-bed-based additive manufacturing process. Small differences 

in fatigue life were observed for both heat treatment conditions of the forged samples. Despite certain porosity, 

the selective laser melted samples showed high endurance limit at stress level of 320 MPa. Nevertheless, the 

limit strength value was lower by 26 % and 36 % comparing forged specimens in as-received and heat treated 

+ hot isostatic pressed conditions, respectively. The microstructure of all tested samples was formed of α+β 

phases depending on heat treatment condition. The differences in fatigue fracture features of the forged or 

selective laser melted specimens corresponded to the microstructure, defects and porosity presence. 

Keywords: Selective laser melting, Ti6Al4V, fatigue, hot isostatic pressing, stress relief treatment 

1. INTRODUCTION 

There are life situations when a man needs to replace or repair solid tissues or non-functioning joints due to 

health problems caused by old age, accidents or cancer diagnose. In traumatology, implants of simpler shapes 

(nails, screws, wires, plates) are mainly used for the tibia, humerus, femur or calcaneus healing. Medium 

complex shapes and systems as joint replacements for knees, hips, shoulders, or total endoprosthesis are the 

main implants in orthopaedic surgeons. Simpler implant shapes can be prepared using conventional methods, 

while more complex geometries or custom-made replacements of specific shapes are either very difficult or 

impossible to prepare conventionally. These include dental restorations (crowns), cellular structures or cases 

where an entire bone or even almost the entire rib cage needs to be replaced for an oncology patient. For such 

situations, a 3D model of the product can be created on the basis of computed tomography, which can be 

prepared using additive technologies from biocompatible material and then implanted in the patient. This is a 

fast, efficient, and not too expensive way to significantly preserve quality of life in some cases. 

Selective laser melting (SLM) is an additive manufacturing process that can create complex components 

directly from powdered metal based on CAD files. The production method can form highly complex structures 

of body implants from certified materials such as 316L steel or titanium based alloys with powder grain sizes 

between 10 μm and 60 μm, where the layer thickness produced is between 20 μm and 50 μm. It is possible to 

achieve a component accuracy of around ± 50 μm, with production speeds ranging from 5-20 cm³/h depending 

on the size of the machine. The produced parts have a homogeneous structure and almost 100 % density, 
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therefore not only the physical but also the mechanical properties of the products match the structure of the 

castings [1,2]. 

The quality of the final SLM product depends on the appropriate setting of processing parameters such as 

scanning speed, laser power, layer thickness, scanning strategy, hatch distance and more. These parameters 

affect the size of the melt pool, heat-affected region, porosity or amount of unmelted particles and therefore 

the resulting density or surface roughness, which can be modified by additional remelting of the surface layer. 

For Ti6Al4V, the influence of the process parameters as well as the heat treatment on the SLM product 

properties is deeply studied [2-4] and is still of particular interest for biocompatible implants in orthopaedics 

and traumatology. The SLM process, producing vertically layer by layer, results in the formation of a highly 

directional microstructure and can lead to certain porosity in the product [1,5,6]. 

The study of this work is focused on comparing fatigue properties of Ti6Al4V specimens processed by forging 

or SLM technology. The fatigue behaviour of the material was tested for the specimens after stress relief 

treatment and hot isostatic pressing. 

2. EXPERIMENTAL 

Two series of Ti6Al4V samples were studied. The first group consisted of ten test specimens, which were 

prepared from traditionally forged rods, supplied by BIBUS METALS CZ, and are hereafter referred to as 

forged. The second group included five test specimens, which were prepared by selective laser melting in 

ProSpon spol. s.r.o. and are hereafter referred to as SLM. The building of the SLM specimens was carried out 

in vertical orientation (tensile loading axis) with following parameters: laser power 200 W, layer thickness 30 

μm, scanning island size 5x5 mm - with an angle of 45°, scanning speed 800-900 mm⋅s-1.  

Five specimens of both sets were processed by stress relief (SR) treatment and hot isostatic pressing (HIP). 

The thermal and pressure regime was chosen in accordance with findings in [7,8]. SR treatment was included 
to remove internal stresses caused by former technologies and was performed for 1 h at 735 °C under vacuum 

(within the range of 0.4-1 kPa) in a CLASIC furnace, followed by a slow furnace cooling to room temperature 

in Ar atmosphere, as seen in Figure 1. 

 

      Figure 1 Schematic of stress removal annealing                Figure 2 Schematic of the HIP process 

After annealing the fatigue test specimens were submitted to the HIP process at 920 °C, pressure of 100 MPa 

in Ar atmosphere for 2 hours and then air cooled to room temperature. The HIPping was performed in EPSI 

machine with maximum working pressure of 200 MPa, maximum working temperature of 1500 °C and 

workspace size of 152 x 300 mm in order to reduce the pore content formed during SLM, optimizing the 

microstructure and thus increasing mechanical properties of material studied. The same process was realized 

for the forged specimens to ensure the same conditions of heat treatment. The schematic diagram of the 

HIPping performed for experimental samples is presented in Figure 2. 
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Fatigue behavior of the specimens was studied in alternating tension/compression mode on an INOVA FU-63-

930-V1 servohydraulic high-speed uniaxial pulsator with loading range ±40 kN and TestControl_FU63 

software. The fatigue test frequency was set for 20 Hz and test termination limit for 200,000 cycles. Before the 

fatigue test, the surface of all samples was additionally smoothed. Thus, five specimens of 100 mm overall 

length, 50 mm working length and 5.7 mm working diameter were tested for each studied condition.  

Metallographic analysis was performed on the cross cuts prepared from the grip sections of forged and SLM 

samples after mechanical testing. The samples were ground by means of abrasive papers of grain sizes up to 

P2500 and polished in electrolyte A3 using a LectroPol-5 Struers electropolisher. Microstructure feature of the 

specimens was revealed after etching in Kroll's reagent composed of 6% HF, 8% HNO3 and 86% deionized 

water for 10-20 seconds. 

3. RESULTS AND DISCUSSION 

3.1. Fatigue testing 

The results of fatigue tests in tension/compression mode for forged and SLM specimens are summarized in 

Table 1. The values of  in the table represent the maximum reversing stresses at which the fatigue failure will 

occur.  The dependence of the number of cycles to failure Nf  on reversing stress  is shown below as the S-

N curves in Figure 3 and Figure 4. Using Basquin’s equation (1) [9] constants 7´ and b were derived from 

the measured results (Table 2):  

 
 = 7´ ∙ (2N)b                         (1) 
where 7´ is fatigue strength coefficient, b fatigue strength exponent, number of cycles to failure is given as 

number of half cycles 2N.  

Table 1 Fatigue test results for forged and SLM specimens in as-received and annealed + HIPped conditions 

Small differences in fatigue life were observed between both heat treatment conditions for the forged samples, 

as the results in the columns of cycles to failure Nf  indicate in Table 1 and in Figure 3. It is evident that the 

highest stress amplitude for unbroken stage and 200,000 life cycles was reached in the case of forged sample 

in annealed + HIPped condition. Conversely, SLM specimen in annealed + HIPped condition remained 

unbroken at the lowest value of all reversing stresses. Despite certain porosity, the selective laser melted 

sample showed high fatigue resistance at loading level of 320 MPa (Table 1, Figure 4). Nevertheless, the 

endurance limit value was lower by 26 % and 36 % comparing forged specimens in as-received and heat 

treated + hot isostatic pressed conditions, respectively. 

Forged specimens  
in as-received condition 

Forged specimens 
 annealed + HIPped 

SLM specimens  
 annealed + HIPped 

σ  (MPa) N7  (-)  σ (MPa) N7  (-)  σ (MPa) N7 (-)  

520 25,912 broken 600 16,483 broken 550 3,419 broken 

480 61,952 broken 550 29,084 broken 450 48,841 broken 

450 83,083 broken 520 64,170 broken 380 69,185 broken 

450 129,822 broken 510 127,361 broken 340 170,533 broken 

430 200,000 unbroken 500 200,000 unbroken 320 200,000 unbroken 
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Table 2 Constants of Basquin approximation 

3.2. Microstructure 

Conventionally produced (forged) Ti6Al4V alloy shows a bimodal structure consisting of α+β phases, which 

consist of isolated primary α grains in a transformed β matrix to very fine and intercrystalline needle-like α +β 

regions, as it is seen in Figure 5a. After the SR annealing at 735 °C and HIPping at 920 °C that is below β 

transus (980 °C [10]) of the Ti6Al4V alloys the microstructure is formed of the equiaxed α and former β grains 

transformed into needle-like α +β regions, see Figure 5b. As-built microstructure produced by SLM process is 

characteristic by α′ martensitic phase and more or less of porosity (Figure 6a). During heat treatment + HIPping 

below the β transus the martensitic structure transforms to very fine α+β phases mixture. Upon heating, α 

phase nucleates at the former β grain boundaries and vanadium atoms are moving away from new α phase 

that favors lamellar β phase forming. The grain boundary of the former β phase with α grains can be seen in 

the center of the Figure 6b. For both types of samples HIPping at 920 °C and 100 MPa for 2 h leads to α+β 

lamellae grow and grain coarsening.  

Fractography study revealed important differences in fracture features of the forged and SLM samples in 

annealed + HIPped condition. Unlike forged samples with typical fatigue failure (Figure 7a), the SLM samples 

was characteristic by more rugged surface with less distinct signs of fatigue. Conversely, the failure surfaces 

show the important effect of scanning strategy of SLM process as well as of defects and cracks as seen after 

low cycle fatigue (Figure 7b), even if the microstructure was formed of very fine α +β (Figure 6b). Despite the 

coarsen α +β microstructure (Figure 5b) the fatigue fracture of the forged sample in annealed + HIPped 

condition after 127,361 cycles corresponds to the highest reversing stress of high cycle fatigue (Table 1). 

Specimens σf
’  (MPa) b  (-) 

Forged specimens in as-received condition 1.84E+30 9.513  

Forged specimens annealed + HIPped 4.64E+36  11.705 

SLM specimens annealed + HIPped 4.50E+24  7.646 

Figure 3 Comparison of S-N curves for forged 

samples in as-received and annealed + HIPped 

conditions 

Figure 4 Comparison of S-N curves for forged  

and SLM samples in annealed + HIPped  

condition 
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Figure 5 Microstructure of forged sample in a) as-received and b) annealed + HIPped condition 

   

Figure 6 Microstructure of SLM specimen in a) as-built and b) annealed + HIPped condition 

  

Figure 7 Fatigue surfaces of a) forged and b) SLM samples both in annealed + HIPped condition after 

127,361 and 3,419 cycles, respectively 

20 μm 

20 μm 

20 μm 

b) 

50 μm 

a) 

b) a) 
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4. CONCLUSION 

The comparison of the microstructure features and fatigue behavior was made for the specimens of Ti6Al4V 

alloy prepared using selective laser melting technology or conventional way, i.e. by casting and forging. The 

forged samples were studied in both as-received and annealed + hot isostatic pressed conditions; the selective 

laser melted samples were tested after annealing + hot isostatic pressing. The forged specimens showed 

better fatigue properties at higher reversing stresses than the selective laser melted samples, that corresponds 

to defects formed during the powder-bed-based additive manufacturing process. Small differences in life-time 

were observed between both heat treatment conditions for the forged samples. Despite certain porosity, the 

samples prepared by selective laser melting showed high endurance limit of 200,000 cycles at 320 MPa. 

Comparing to the forged specimens in as-received or heat treated + hot isostatic pressed conditions, this 

reversing stress were lower by 26 % or 36 %, respectively. Considering the defects and porosity presence the 

lower stress can be explained by crack initiation at these sites. The fatigue failure of the tested specimens 

prepared by selective laser melting showed more rough surfaces with less evident fatigues features unlike 

forged samples. 
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Abstract  

This paper presents the results of phase composition calculating by the CALPHAD method using the Thermo-

Calc software package for thermodynamic calculations of high-entropy carbides (TiZrHfTaNb)C, 

(TiZrHfTaNbW)C, (TiZrHfTaNbMo)C. The starting materials lattice parameters influence the possibility of high-

entropy carbides single-phase solid solutions formation. A comparative analysis of lattice parameters influence 

and phase diagrams was carried out. An increase in the difference between the lattice parameters decreases 

the homogeneity region of carbide solid solutions with the crystal structure of rock salt (NaCl). 

Keywords: High entropy alloys, carbides, Thermo-Calc, phase diagrams 

1. INTRODUCTION 

Ceramics based on borides and carbides of high-entropy alloys (HEA) are the new class of materials that are 

of the highest interest of the world scientific community. Multicomponent ceramics demonstrate higher 

hardness, wear-resistance, and oxidation resistance than carbides and borides of pure metals [1,2]. The 

development and wide research interest in high-entropy ceramics among scientists initially awakened "high-

entropy alloys," the theory of which states that the entropy of mixing in multicomponent systems stabilizes solid 

solutions, preventing the formation of intermetallic phases [3]. Later studies of HEA showed that the entropy 

of mixing is not the only factor influencing the formation of a solid solution. Therefore, methods have been 

proposed for assessing the stabilization of solid solutions, taking into account the effect of atomic radii [4], the 

concentration of valence electrons [5], the general effect of entropy, enthalpy of mixing, and average melting 

point [6]. However, these methods cannot be applied to carbides, nitrides, and borides of high-entropy alloys. 

The lattice parameter of the corresponding compounds is used instead of the atomic radii of the elements to 

describe the distortion of the crystal structure of high-entropy ceramics. The enthalpy of mixing is determined 

under the condition that the multicomponent system consists of individual compounds [7-9]. 

Under actual conditions, diborides are formed in an anisotropic hexagonal structure of the AlB2 type. Each 

metal atom gives up two electrons to form a bond with boron Me-B, which has mixed covalent and ionic 

characteristics. The Me-Me bonds are deformed by boron atoms inside the layers, forming a rigid network [10]. 

High-entropy carbides in most of the studies carried out, are represented by metals of subgroup 4 (Ti, Zr, Hf) 

and subgroup 5 (V, Nb, Ta) of the periodic table. Metals that form monocarbides with a cubic structure such 

as NaCl, where metals are most likely have a common cationic sublattice with the face-centred cubic (fcc) 

sublattice, and carbon C is located in the anionic fcc sublattice [11]. Our previous work evaluated the effect of 

surface carbon saturation of the CrNbMoWV alloy on hardness, corrosion, and tribological properties [12]. 

According to the rule of atomic size influence, if the difference between the atomic radius of soluble and a 

solvent in a binary system does not exceed 15 %, complete dissolution and the formation of a solid solution 

are possible. This rule was extrapolated to multicomponent systems, defined and calculated as the difference 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1249 

in atomic sizes - δ, as shown in Equation 1 (where n is the total number of elements, and ci and ri are the 

composition and atomic size of the ith element, respectively) [4]. 

\ � ]∑ C+91 ) ^_
с̂р;%b+XM               (1) 

The mean deviation of atomic radii is an important empirical parameter used to predict the formation of single-

phase solid solutions in high-entropy alloys [13]. However, this method cannot be applied to carbides, nitrides, 

and borides of high-entropy alloys. The lattice parameter values of the corresponding carbides are used to 

describe the distortion of the crystal structure in carbides instead of the elements atomic radii. Since metal 

atoms migrate only to the nearest metal vacancy on their initial planes, it is assumed that the migration of 

metal atoms occurs only in close-packed planes. Since HfC, TaC and TiC have a crystal structure of rock salt 

(NaCl), which contains 8 atoms per cell, a' was calculated based on the reduced primitive cell by Equation 2, 

while a' for Mo2C and WC remains the same as its lattice parameter a [9]. 

cd � √2c/2               (2) 

The average difference between the lattice parameters is determined by the following equation: 

δhd � i∑ j+k1 ) c′+/9∑ j+c′+;m+XM n%m+XM             (3) 

where a'i is the lattice parameters of the ith component carbide, Xi is the components molar fraction. The value 

of the parameter δa' must be less than 6.6 % for the formation of a solid solution [8]. 

2. MATERIALS AND METHODS 

Three systems were chosen for the calculations: (TiZrHfTaNb)C, (TiZrHfTaNbW)C, (TiZrHfTaNbMo)C. The 

phase diagrams were calculated by the CALPHAD method using the Thermo-Calc software package for 

thermodynamic calculations based on the HEA4 high-entropy alloys database in console mode. A temperature 

range of 500-4000 K was chosen for the calculation, the carbon content varied from 0 to 1 molar fractions, and 

the balance for all elements.  

Table 1 Lattice parameter of carbides 

Component Lattice parameters a (nm) [14] Lattice length at the closed-packed plane a' 

ZrC 4.73 3.34 

HfC 4.65 3.29 

TiC 4.35 3.08 

TaC 4.45 3.15 

NbC 4.47 3.16 

WC 2.90 2.90 

Mo2C 2.99 2.99 

The calculation of a' was carried out according to the Equation (2), the calculation of the average difference 

was carried out according to the Equation (3). The cell parameters for all carbides are given in Table 1. 

3. RESULTS AND DISCUSSION 

The phase diagram of the (TiZrHfTaNb)C system high-entropy carbide is shown in Figure 1. According to the 

diagram obtained, in the range of carbon contents up to 0.35 molar fractions, the formation of three main 
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phases are possible, two high-entropy bcc solid solutions of various compositions. The third phase 

corresponds to a solid solution with carbon and is designated DIS_FCC_A1#2 (crystal structure of rock salt 

(NaCl)). The content of DIS_FCC_A1#2 increases with increasing carbon content and reaches its maximum 

value at 0.5 mole fractions of carbon. A pure high-entropy solid solution of carbides with a NaCl-type structure 

has a wide range of homogeneity in temperature and carbon content. The results agree with the calculation of 

the lattice parameters influence δa'= 3.06 % (Table 2), which also confirms the possibility of carbides solid 

solution formation. 

 
Figure 1 Phase diagram of the (TiZrHfTaNb)C system  

 
Figure 2 Phase diagram of the (TiZrHfTaNbMo)C system 
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The phase diagram of the (TiZrHfTaNbMo)C system high-entropy carbide is shown in Figure 2. According to 

the diagram, the addition of molybdenum narrows the homogeneity region of the DIS_FCC_A1#2 solid solution 

and is in equilibrium with the maximum carbon content in the range of 0.45 - 0.5 mole fractions. Thus, 

molybdenum shifts the equilibrium towards the formation of solid solutions with a bcc lattice. The addition of 

molybdenum also increases the lattice influence parameter δa' = 3.75 % (Table 2), but does not exclude the 

possibility of the high-entropy carbides solid solution formation with the NaCl type structure. 

The phase diagram of the (TiZrHfTaNbW) C system high-entropy carbide is shown in Figure 3. According to 

the diagram, the addition of tungsten narrows the homogeneity region of the DIS_FCC_A1 # 2 solid solution 

in comparison with the (TiZrHfTaNb) C and (TiZrHfTaNbMo) C system, especially at temperatures below 3000 

K. The influence of the lattice size also increases and is δa'= 4.58 % (Table 2), but does not exclude the 

possibility of the high-entropy carbides solid solution formation with the NaCl type structure. 

  

Figure 3 Phase diagram of the (TiZrHfTaNbW)C system  

The obtained phase diagrams of high-entropy carbides solid solutions agree with the calculated values of the 

lattice parameters influence on the formation of solid solutions and do not exceed the critical value of the 

component δa' = 6.6 %. 

Table 2 Lattice parameters of high-entropy carbides (HEC) 

 HEC  Xi, mole fraction δa’ % 

(TiZrHfTaNb)C 0.2 3.06 

(TiZrHfTaNbMo)C 0.1667 3.75 

(TiZrHfTaNbW)C 0.1667 4.58 

4. CONCLUSION 

In the presented work, the high-entropy carbides phase diagrams of the (TiZrHfTaNb)C, (TiZrHfTaNbW)C, and 

(TiZrHfTaNbMo)C systems were calculated. In addition, calculations of the influence of initial carbides lattice 

parameters on the high-entropy carbides solid solution formation have been performed. It was found that the 

two prediction methods presented in the paper are consistent with each other. The largest homogeneity region 
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is characteristic for the (TiZrHfTaNb)C system; the difference in the lattice parameters is δa' = 3.06 %. With the 

addition of Mo, the lattice parameters difference increases to 3.75 %, and with the addition of W, it increases 

to 4.58 %. Thus, all of the high-entropy carbides presented tend to form single-phase solid solutions. 
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Abstract 

The modern metallurgical industry characterized by increased requirements for quality, economy and efficiency 

of technological processes. Automation based on a systematic approach to problem solving, it focuses on 

improving technical means, increasing labor productivity and improving product quality. The ultimate goal is to 

create automatic systems, which operate without human intervention. The article contains a description of the 

current state of the heavy rolling mill and a proposal for the automation of its individual components. The main 

goal of the article is to show the use of a camera system and artificial intelligence in the automation of heavy 

industry processes. To automate the rolling process on a heavy rolling mill, a machine vision will be used with 

the help of a laser camera system with digital image processing on rolling wagons used for handling with a 

rolling bar. This is used for the transfer of the rolled bars between the individual stands and between the rolling 

calibers within the rolling mill stands. The intended automation of the operation follows the Industry 4.0 trend, 

which is beginning to inspire even these heavy operations. The concept of an automation system based on 

artificial intelligence and utilization of machine vision is in great demand and it is possible to expect the rapid 

development of these scientific fields. The article will also focus on issues, which prevents the use of standard 

commercial solutions. As part of the feasibility analysis, the conditions prevailing in profile rolling were 

analyzed. The biggest challenge was the presence of steam in the area of the rolling mill stand, which makes 

it impossible to precisely guide the rolled bars between the rolling calibers. 

Keywords: Heavy rolling mill, camera system, automatization 

1. INTRODUCTION 

The aim of the article is the observation and writing of the current state of the heavy rolling mill (HRM) and to 

design an automation control of rolling wagons and control actuators HRM with the help of a camera system. 

The heavy profile track put into operation in 1914 has undergone several major upgrades since this time. The 

new modifications should make it possible to control all functions that are currently performed from 4 cabins 

directly in the wagons, from one central workstation in the cab of the metal-rolling specialists K3. The expected 

benefit is a decrease in operating costs and an increase in the operational safety of HRM. 

2. DESCRIPTION OF THE CURRENT STATE 

The Figure 1 shows the general layout of technologies and cabins for controlling the rolling process. 

The rolling mill consists of 4 reversible duo mill stands. 4 rolling wagons are used for the transverse transfer 

blocks between the mill stands. The basic technical equipment of the profile rolling mill includes, in particular, 

the Stepping Grate, Presser, Planting Grate, Blast Furnace, Rolling transport wagons, Reversible rolling mills 

stands, Heat saw heat and Cooler.  
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The article will focus primarily on rolling wagons. 

  
Figure 1 HRM device layout. Source: [own processing] 

Description of the production process 

The main production program of HRM is mainly sheet piles, but there can also be rolled profiles of other types. 

Sheet piles are rolled from a basic block of prescribed length and rectangular cross-sections. The basic blocks 

intended for rolling sheet piles are through Step planting grate 01, the Planting Grate 03 and the Presses 02 

gradually inserted into the Blast Furnace 04. Since the "HRM" operation for heating the block is equipped with 

a blast furnace, it is necessary to insert "dams" between the individual blocks, to avoid "stick" of the two blocks 

to each other. The dams are not intended for rolling - they usually have a square cross-section so that they 

are easily recognizable from the blocks to be rolled.  

The basic working "tact time" of the blast furnace is 6 minutes. The operating "tact time" is not fixed by the 

control system, but all the operations of the blast furnace are controlled by the furnace operator based on the 

completion of the previous rolling process. The control of the device is performed from the cabin in front of the 

furnace. 

After the hot block falls out of the impact furnace on the roller flatbed behind the furnace, the hot block is 

transported to the tedder. The main task of the tedder is to turn the hot block intended for rolling at angle of 

90 °. Blocks unsuitable for rolling (which are bent and otherwise damaged) are turned at angle of 180 ° and 

"dams" do not turn at all. At the same time, there is considerable descaling at this point.  The flatbed behind 

the furnace is controlled from cabs K3 and K4, the tedder from cab K4. 

The block determined to be rolled, turned at angle of 90 °, by help of a flatbed is between the tedder and rolling 

wagon No. 2. and is then transported to the flatbed of rolling wagon No. 2. This flatbed can be controlled from 

cabs K3 and K4. Blocks unsuitable for rolling and "dams" are also moved from the tedder to the flatbed of 

rolling wagon No. 2. [1] 
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The primary task of rolling wagons 05 are to perform all manipulations with blocks intended for rolling. They 

are mainly used to perform: 

 transverse manipulations with the rolling bars, i.e., movements of the rolled block between the individual 

stands and between the rolling calibers within the rolling stand. Based on long-term observation and 

examination of the production-technological process of rolling sheet piles, it was concluded that only 

this activity can be automated to a certain extent; 

 inversion of the block on the flatbed of the rolling wagon, "edging". The execution of this production-

technological operation is governed by the rolling prescription and is performed only on rolling wagon 

No. 2 and No. 1. This work activity of the rolling wagon cannot be automated, it must always be 

performed by the operator; 

 beveling, its partial rolling of the tip of the block for the purpose of easier further introduction of the block 
into the caliber of the rolling mill stand. The execution of this production-technological operation is 

governed by the rolling prescription and is performed only on rolling wagon No. 2 and No. 1. This work 

activity of the rolling wagon cannot be automated, it must always be performed by the operator; 

 directing the flow of the rolling bar during the rolling process itself, both during the introduction of the 

rolling bars into the caliber of the rolling mill stand and during the exit of the rolling bar from the caliber 

of the rolling mill stand. The flow control is performed both by corrective transverse displacements of 

the rolling wagon along the rail, and by help of the movements of the "swing table" of the rolling wagons. 

The implementation of these production operations is carried out only on the basis of practical 

experience and knowledge of rolling mill operators from the sheet pile rolling process. This work activity 

of the rolling wagon cannot be automated, it must always be performed by the operator. [2,3] 

Operation "HRM" is equipped with a total of 4 rolling wagons 05, marked with numbers 1 to 4. The basic 

production and technological equipment of the "HRM" operation consists of 4 rolling mill stands 06, marked 

with numbers 1 to 4, driven by two asynchronous motors through the gearbox. Two rolling wagons are located 

on a common track in front of the rolling mill stand (No. 1 and 3) and two other wagons on a common track 

behind the rolling mill stand (No. 2 and 4). Each rolling wagon is operated by one operator directly from the 

rolling wagon cab, where there are two control panels. Each rolling wagon is able to serve 3 rolling mill stands 

if another wagon on a common track is situated at the end of the track. 

The rolling process always starts with wagon No. 2, which is able to operate rolling mill stand No. 1, 2 and 3. 

On the other side, behind rolling mill stand No. 1, 2 and 3, it is assisted by wagon No. 1. The wagons perform 

all manipulations with a hot block and then with a pre-roll according to the rolling regulation. Wagon No. 2 

introduces the block into the appropriate caliber of the relevant rolling mill stand according to the regulation, 

wagon No. 1 on the opposite side "catches" this block. Wagon No. 1 stands opposite wagon No. 2, opposite 

the relevant caliber of the relevant rolling mill stand according to the rolling prescription. During the rolling 

process, their own flatbeds are activated on both rolling wagons, which rotate in the direction of movement 

(introduction) of the block into the rolling mill stand. When the passage of the block through the caliber through 

the rolling mill stand is fully completed, the process is stopped on the flatbed of wagon No. 1 and the function 

is reversed. After performing the necessary production-technological operations, like "edging" or "beveling" 

and placing the main rolling rolls on the stand according to the rolling prescription, will then be transporting the 

rolling bar into the appropriate caliber of the respective rolling mill stand, wagon No. 1 and wagon No. 2 will 

"catch" the rolling bar. The two wagons must move together transversely, the rolling process according to the 

rolling prescription requires the passage of the pre-roll through another caliber of the rolling rolls or the 

transition to the second rolling mill stand. 

Rolling process in the same way complete the rolling wagons No. 3 and 4. Transverse travel of wagons No. 3 
and 4 along the railway track is enabled at rolling mill stand No. 4, 3 and 2, where they perform production-

technological operations with a roll bar according to the rolling prescription. The whole rolling process ends 
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with rolling wagon No. 4, which then transports the finished product - the sheet pile to the flatbeds to the cutting 

saws. The total length of the finished sheet pile reaches approx. 80 m. During the process of dividing the rolled 

sheet pile into shipping lengths, the sheet pile reaches up with its length to the flatbed of rolling wagon No. 4. 

The rolling mill stands are driven by two DC motors, which are controlled by rollers from the K3 cabin. The 

rolling process always takes place according to the rolling prescription, with which all operators are acquainted 

and carry out production and technological activities in accordance with this regulation. During the montage of 

the roll, the introduction of the block into the caliber is blocked. The current system relies only on light signaling 

using traffic lights at stands No. 2 and No. 4, or on the knowledge of rolling wagon operators No. 2 and No. 1 

in the case of rolling mill stand No. 1. [1] 

3. CONSEQUENCES AND EFFECTS ON ENVIRONMENTAL TECHNOLOGICAL EQUIPMENT 

The proposal of the solution to automate the transverse crossings of rolling wagons must also take into account 

the following correlations with the surrounding technological equipment. For example: the ejection of a hot 

block from the blast furnace and the subsequent transport of the block or "dam" between the blast furnace and 

rolling wagon No. 2 must be blocked in the mode of automated transverse crossings, the rolling wagon will not 

be in its basic position for the transport of blocks or dams from the inverter to the flatbed of another rolling 

wagon.  

The process of automated transverse crossings of rolling wagons with a hot block: The process begins with 

rolling mill No. 2 and can be started if the presence of hot material on the rolling wagon flatbed is detected. 

When the block is already inserted into the inlet of the appropriate caliber, the block has left the wagon flatbed 

and the flatbed rollers which rotate towards the rolling mill stand, must be automated laterally. The loading 

wagon also must be blocked immediately and must be only manual. This allows the wagon roll to be guided 

correctly to the gauge of the rolling mill stand, enabling correct guiding of the rolling bars to the caliber of the 

rolling mill stand. The insertion of the block into the caliber of the rolling mill stand cannot be performed unless 

the mutual collinear position of the two cooperating wagons is ensured, the two cooperating wagons must 

always stand "opposite each other". 

When the block is in the process of rolling, the transverse movement of the rolling wagon, which the rolling bar 

"catches", must be blocked, until it is clear that the rolling bar has already left the inlet of the relevant caliber 

and that the entire rolling bar is already on the rolling wagon flatbed. During the "catching" of the roll bar, it 

must be only manual correction of the wagon, which enables the correct guiding of the roll from the caliber of 

the rolling mill stand to the flatbed of the wagon or on the flatbed behind the wagon. This locks the flatbed on 

each rolling wagon when the rolling rolls are being built on the rolling mill stand, blocking the transverse 

crossing of rolling wagon No. 4 during the division of the finished sheet pile into final shipping lengths. [4,5] 

4. PROPOSAL OF ROLLING STOCK AUTOMATION 

Control of rolling wagons 

Observations of the process have shown that full automation of the movement of the wagons during rolling is 

not possible. 

Can be automated: 

 crossing of the rolling wagon to the assumed axes of the profile rolling positions 

 crossing of the rolling to the basic position and to the pass position 

 crossing of the rolling to the safety position, etc. 

Crossing of the rolling wagon can be initiated automatically with confirmation or manually. It is based on the 

fact that the rolling wagon should always stop automatically in the same approach positions with a defined 
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tolerance - stopping offset. When inserting the roll into the profile it is necessary to take the actual position on 

the rolling wagon, curvature, etc. Based on visual monitoring by the camera system, it must be possible to 

correct the stopping of the rolling wagon by manual intervention. Setting up the entire system should minimize 

the number of manual operator interventions. The movement of the roll on the run-out side must be visually 

observed and, if necessary, correcting the direction by the travel of the vehicle or rocking table, etc. The 

controlled (corrected) movements are not simultaneous, they gradually follow each other. Immediately 

following each others introduction into the profile and subsequent rolling. Control by one operator should be 

an advantage. The condition is perfect for information for the operator about the state on the track through the 

camera system and visualization of the position of the roll on the rolling wagon. [4] 

Laser camera system 

The control of the position of the rolling wagon in relation to the rolling mill stand will be ensured by optical 

analysis of the image from the installed cameras. A system of high-resolution with digital cameras and auxiliary 

laser emitters will be used, which will guarantee precise calibration of the positioning system. The operator will 

have a comprehensive view of the rolling mill stand from individual wagons on a large screen. Advanced 

analysis of the images will be running on a specialized server, which will determine the relative position of the 

bar and rolling mill stand. Analytical information will be projected into the actual image from the cameras, for 

better orientation for the operator. The system will record image data to verify operating conditions and other 

information for future use. [6,7,8] 

 

Figure 2 Laser camera system. Source: [own processing] 

The principle of determining the position of the rolled slab before entering the stool is derived from determining 

the profile of the object using a laser line. The line laser is projected onto the object from top to bottom. On the 

object a reflected beam is visible, which copies its surface structure - profile. The image is periodically captured 

using an industrial camera and sent via Ethernet for processing. Image processing can be performed 

analytically or using an artificial neural network. Even for an artificial neural network, the input image needs 

somehow to be modified. In this case from the image only the part of the figure that corresponds to the red 

component will be used. A classic image consists three color components, defined by pixels and the 

corresponding brightness. In this case the red component was chosen because the laser was red, so it is likely 

that the highest intensity of the luminance components of the pixels will be in the red component of the image. 

For example, in the blue component of the image, the red laser would not be visible at all and detection would 

not be possible. This natural filtering ability is very desirable. In the next step the image is binarized (Figure 4). 

For clarity, only a part of the image is binarized, the remaining part is in shades of gray, respectively, only the 

red component of the image is displayed. A binarized image is an image whose pixel brightness component 

takes only two values of 0 and 255. This type of image is suitable for next processing either analytically or by 
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neural networks. For binarization it is important that the threshold defines which pixel will be dark or which 

pixel will be light colored in result. The binarized image must be edited for having the profile thickness of only 

1 pixel in result (Figure 5). A set of these profiles, arranged close together, creates the final profile (Figure 6) 

of the object and it is possible to precisely determine the position relative towards the starting position. 

[7,9,10,11] 

 
Figure 3 The original image. Source: [own 

processing] 

 
Figure 4 Binarized image. Source: [own 

processing] 

 

Figure 5 Extracted object profile. Source: [own processing] 

 
Figure 6 Stacked object profile. Source: [own processing] 

5. CONCLUSION 

The use of a camera system and artificial intelligence in the future can facilitate and optimize the production 

process and quality control of technological processes. With the help of a camera system with subsequent 

image processing, a simple evaluation of the positioning of the transporting wagon can result. The support of 

the camera system will be based on strict edge detection by our own algorithms, which will guarantee accurate 

and fast determination of the position of the face of the rolled profile before entering the rolling mill stand. 
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Standard camera systems in this case fail mainly due to the presence of steam and the variable illumination 

of the detection scene. We have been working on evaluation algorithms for more than a year. The developed 

algorithms are of a robust type, with autocalibration monitoring the intensity of ambient light. The lasers used 

are a line type in the red and green color spectrum. By this procedure, we are able to accurately and effectively 

detect the profile of the rolling bar and its position relative to the inlet. The feasibility study showed that the 

main advantage of operation automation will be the reduction of the influence of the human factor on production 

processes. Other benefits will include speeding up the production process and recording it for use in any 

complaints. It also limits difficult work in dangerous areas. 

ACKNOWLEDGEMENTS 

The work was supported by the specific university research of Ministry of Education, Youth and 
Sports of the Czech Republic No. RPP2021/50 and SP2021/71 and SP2021/23. 

REFERENCES 

[1] KOLMOGOROV, V.L. Mechanika tváření kovů. Staryj Oskol: TNT, 2017 

[2] PANJKOVIC, V. Friction and the Hot Rolling of Steel. Boca Raton: CRC Press, 2014. 

[3] LUNEV, V.A. Tváření kovů. Leningrad, 1975. 

[4] VITHANAGE, R.; HARRISON, C.; DESILVA, A. A Study on Automating Rolling-stock Maintenance in the Rail 
Industry using Robotics. In Proceedings of the 14th International Conference on Informatics in Control, 

Automation and Robotics. Madrid: ICINCO, 2017, pp. 278-283. 

[5] DAVID, J., SVEC, P., GARZINOVA, R., KLUSKA-NAWARECKA, S., WILK-KOLODZIEJCZYK, D., REGULSKI, K. 

Heuristic modeling of casting processes under the conditions uncertainty. In Archives of civil and mechanical 
engineering. London: SPRINGERNATURE, 2016, pp. 179-185. 

[6] GONZALEZ, R., WOODS, R. Digitální zpracování obrazu. Moskva: Technosphera, 2012. 

[7] KISHORE, P.V.V.; RAGHAVA, Prasad Ch. Train Rolling Stock Intelligent Monitoring with Computer Vision. In 5th 

International Conference of Materials Processing and Characterization (ICMPC 2016). Amsterdam: Elsevier, 
2017, pp. 1730-1739. 

[8] DAVID, J., SVEC, P., PASKER, V., GARZINOVA, R. Usage of Real Time Machine Vision in Rolling Mill. 
Sustainability. Basel: MDPI, 2021, no. 3851. 

[9] GREGOR, Michal. Detektory objektů v obraze a jejich realizace. Brno, 2008. Bachelor thesis. Technical University 
Brno. 

[10] CARAYANNIS, G. Artificial Intelligence and Expert Systems in the Steel Industry. In JOM - The Journal of The 
Minerals, Metals & Materials Society (TMS). 1993, pp. 43-51. 

[11] DAVID, J., GARZINOVA, R., BARCAK, T., SLACALA, J., SHMELEVA, N. Digitization of embossed numbers on 
continuous steel casting billets. In: 28th international conference on metallurgy and materials. Brno: TANGER Ltd, 

2019, pp. 1892-1897. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1261 

USE OF MS OFFICE FOR IDENTIFICATION OF CONTROLLED SYSTEMS IN METALLURGY 

AND OPTIMAL SETTING OF CONTROLLER PARAMETERS 

1Ondřej ZIMNÝ, 2Milan HEGER, 3Ivo ŠPIČKA, 4Lenka ŘEHÁČKOVÁ, 5Vlastimil NOVÁK 

VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, 
1ondrej.zimny@vsb.cz, 2milan.heger@vsb.cz, 3ivo.spicka@vsb.cz, 4lenka.rehackova@vsb.cz, 

5vlastimil.novak@vsb.cz 

https://doi.org/10.37904/metal.2021.4278 

Abstract  

Nowadays, automatization is widespread in all areas of human endeavor because it reduces physical and 

psychological strain, improves production, and increases economic and environmental benefits in the industry. 

In the field of controlled machine aggregates of technological processes, an essential element of automation 

is automatic control. The quality of automatic control always depends on the controller parameter settings of 

the given system. Particularly in the metallurgical industry, the controller's optimal setting is critical because 

even minor deviations from the optimum can lead to substantial financial losses, deterioration in product 

quality, and adverse effects on the environment. To ensure quality setting, a sufficient mathematical description 

of the controlled system is needed. A variety of methods and commercial applications have been developed 

for the identification of dynamic systems and the setting of controller parameters. Nevertheless, the use of 

these hi-tech programs requires skilled operators, and their training represents a considerable financial and 

time burden. Besides, the acquisition of these programs is costly, especially for schools. Therefore, it is 

appropriate for teaching purposes and technical practice to create a suitable alternative using a common type 

of computer software such as MS Excel, a standard tool in many schools and work places. This paper presents 

how to identify controlled systems and optimally set the controllers using MS Excel, namely, its add-in Solver, 

based on the data of measured transition functions describing typical metallurgical aggregates. Such an 

approach's main benefit is that the potential user does not know the programming code that identifies the 

controlled systems and adjusts the controllers' optimal settings. 

Keywords: Microsoft Excel, identification of controlled system in metallurgy, controller settings 

1. INTRODUCTION 

In metallurgy, production lines and their aggregates process vast amounts of materials and raw materials, 

which place heavy demands on energy supply and heating media. Therefore, the optimization of all production 

and service processes must be ensured. Any or even a slight deviation from the optimality causes significant 

financial losses and places a burden on a company's budget. In terms of control of technological processes, 

virtually every production machinery is equipped with various control systems. Among others, it is mainly the 

control system performance that significantly determines the quality of the final products and reduces energy 

consumption and relief in human resources management. The optimal setting of the controller is conditioned 

by the knowledge of the mathematical description of the control system obtained by identification. This study 

aims to make the possibility of calculating the optimal settings of controllers more accessible for users by using 

MS Excel instead of expensive specialized software tools. It is noteworthy that the proposed procedure does 

not require any programming knowledge. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1262 

2. CONTROL OF TECHNOLOGICAL AGGREGATES (DEVICES) 

From the control point of view, every technological device is considered a control system (Closed-loop control 

system, CS). The device performing the control is called the controller (C), which, based on the continuous 

determination of the controlled variable y(t) and its comparison (processed by a comparator) with the reference 

value (control variable) w(t) creates a controller output u(t). This variable affects the controlled system to 

achieve optimal consistency between the desired and real variable values. In addition, the difference between 

these quantities is called the control error e(t) given by the relation: 

���� � ���� � ����             (1) 

The following feedback block diagram characterizing the control system is presented below, see Figure 1. 

 

Figure 1 Block diagram of the control system  

Each control system should be optimally set. In other words, the controller's parameters should always 

correspond to the parameters of the control system. 

3. PLANT 

In engineering practice, it is commonly assumed that the control system is described by Laplace image transfer 

or by a linear differential equation with constant coefficients ai, bj in the form [1], [2]: 

	
��
���� � 	
���
����� � ⋯ � 	��´´��� � 	�´��� � 	����� � ������ � ��´��� � ⋯ � ���������    (2) 

A specific mathematical description is obtained by using of the so-called control system identification. In this 

process, the mathematical description of the system is often simplified but without a significant downgrade of 

parameters. Mainly in the metallurgical industry, there are the following four basic types of control systems: 

- proportional first order control system - used for, e.g., heating of surfaces, electric drives (rotational speed), 

- proportional second order control system - used for, e.g., heating with different types of heat transfer, 

- integral first order control system - used for, e.g., containers and tanks, 

- integral second order control system - used for, e.g., electric drives (angles of rotation). 

4. MATHEMATICAL DESCRIPTION OF CONTROL SYSTEMS 

In our case, it is beneficial to start with the transfer function of individual systems that will be converted to a 

differential equation. This equation will be solved in the MS Excel spreadsheet as a system model. 

4.1. Proportional first order control system 

The proportional first order system is described by the transfer function GpI(p) in the form: 

������ � ����
���� � ��

������             (3) 

where: ks - is the gain of the system, T1 - is the time constant of the system, U(p) - is the input variable, Y(p) - 

is the output variable. 
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Rearranging the equation and using the inverse Laplace transform, we obtain a differential equation in the 

form: 

 �̇��� � ���� � "#����            (4) 

For the numerical solution, this equation can be rewritten as: 

 
∆%
∆& � �'() � "#�             (5) 

Since ∆y = ynew - yold, one can easily obtain the expression for ynew: 

�
*+ � ���,�%-./�
��

∆� � �'()            (6) 

where: ∆t - is the time step, yold - is the old output value at a time lower by ∆t than the current time, ynew - is the 

new output value calculated at a time higher by ∆t compared to the time when value yold was taken, u - current 

value of system input variable.  

It will be shown below how to comply with the correct time sequence and always calculate a new value of the 

output variable in the spreadsheet based on this mathematical model. 

4.2. Proportional second order control system 

In the metallurgical industry, proportional second order control systems are most often non-oscillatory and can 

be described by the transfer function GpII(p) in the form: 

������� � ����
���� � ��

��������0���            (7) 

Using the principles of block algebra, such a system can be seen as two systems of the first order connected 

in series, as shown in Figure 2: 

 

Figure 2 Block diagram of the proportional second order control system 

When the transfer functions are connected in series, they are multiplied, so that the original form of the transfer 

function is obtained. Even though by multiplying the two brackets of the denominator of the particular functions, 

a suitable form for a differential equation is obtained, it is better to use the models and the method of calculating 

the proportional system of the first order already outlined. Then, the first controller will have directly the values 

u(t) at the input. The output of the first controller will be the input of the second controller, so that the output of 

the second controller will represent the output y(t) of the proportional second order control system. It is worth 

mentioning that there are also oscillating proportional systems of second order, but these would be addressed 

differently. In this case, a suitable form for calculation in MS Excel could be obtained using the state description 

of such a system. 

4.3. Integral first order control system 

The Integral first order control system is described by the transfer function GiI(p) in the form: 

�1���� � ����
���� � 

�2� � �2
�              (8) 

where: k3 - is the general gain constant, T3 - is the system integral time constant, U(p) - is the input variable, 

Y(p) - is the output variable. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1264 

By a simple modification and using the inverse Laplace transform, we obtain a differential equation in the form: 

 3�̇��� � ���� → ���� � 
�2

5 ����&�
&6 7�           (9) 

For the numerical solution of this differential equation we will use the modified relation: 

 3
∆%
∆& � �             (10) 

Since ∆y = ynew - yold, then the expression for ynew can be obtained: 

�
*+ � ,
�2

∆� � �'()            (11) 

where: T3 - is the integral time constant. 

4.4. Integral second order control system 

In technical practice, integral second order control systems are in fact integral first order control systems with 

inertia (proportional controller) of the first order. They can be described by the transfer function GiII(p) in the 

form: 

�1����� � ����
���� � ��

�������           (12) 

Applying the principles of block algebra, such a system can be interpreted as two systems of the first order 

connected in series, as shown in Figure 3: 

 

Figure 3 Block diagram of the integral second order control system 

Considering the advantage of knowing the models and the method of calculating both types of partial systems, 

the calculation is performed similarly to the proportional second order control system. For the sake of 

consistency, a rectangular method was used for numerical integration, which is sufficient for ∆t close to zero. 

It should be noted that the accuracy of the calculation can be increased using either the trapezoidal method or 

multistep method. 

5. IDENTIFIED CONTROL SYSTEMS 

In the present case, the identification relies upon determining the type and specific parameters of the identified 

control systems. Determination of the appropriate control system is based on either a physical principle or the 

course of the transient function. Subsequently, a table in MS Excel has to be made containing the measured 

data of a specifically identified system and the data calculated by the corresponding mathematical model of 

the control system. Note that the system model must be performed to easily change its parameters by inserting 

them in selected table cells. The sum of the squared deviations expresses the agreement between the 

measured and calculated values at individual times according to: 

8 � ∑ ��' � ����:;:�            (13) 

where: E - sum of squared deviations, yo - measured value of the identified object, ym - calculated value of the 

model, R1 - first row of the table, Rn - last row of the table. 

MS Excel also enables a plot of time dependence, from which the agreement of the courses is also evident. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1265 

To identify the parameters of the selected control system, the MS Excel add-in Solver is used. Among other 

things, it allows finding the optimal values of independent variables (in our case, the searched system 

parameters located within cells) so that the sum of squared deviations is minimized. 

6. IMPLEMENTATION OF IDENTIFICATION IN MS EXCEL 

From this section on, we focus only on the identification of the proportional second order control system, which 

is the most complex. Other systems are more manageable and it is not an issue to implement them by changing 

the above relationships. Now, the mentioned relations for the numerical calculation of proportional second 

order control system are applied to the spreadsheet according to Figure 4 (note that the old values are always 

in the previous line): 

 

Figure 4 Making of a table for identification of proportional second order control system 

  

Figure 5 Setting the solver parameters (5a), optimization results - finding system parameters (5b) 

 

Figure 6 Measured and calculated transfer functions (6a), with 5 % change in time constants (6b) 

result 
identification 

change 
parameters 

of 5 % 
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Figure 7 Example of calculated values by the model, quadratic deviation 301 of the measurement, and 

calculated constants 

To calculate the identification of the system parameters, the solver is used, set according to Figure 5a. 

Figure 5b shows the optimal calculated parameters (constants) ks, T1 and T2 of the identified control system, 

and the parameters intentionally changed by 5 %. Figure 6 a presents a graph of the transfer functions 

measured and calculated following the model after identification (both curves are almost overlapped). 

Figure 6b shows both transfer functions when the time constants T1 and T2 are changed by 5 % compared to 

the performed identification. An example of several rows of calculated table values after optimization is in 

Figure 7. 

7. OPTIMAL CONTROLLER SETTINGS 

Similarly, as in the case of identifying the control system in MS Excel based on particular models, it is possible 

to add a model of the controller to the table and use the solver to optimize the controller's parameters of closed-

loop control system. However, this method is not part of this article. Here, we present the settings of the 

controller respecting the required model, where we assume the desired course of control corresponding to the 

proportional system of the first order with an optional time constant Tw. We can calculate the optimal values of 

adjustable controller constants for the types of controlled systems listed here (see Table 1). Then, the 

calculation is added to the MS Excel table, which we used to calculate the system identification. Thus, we 

obtain the optimal adjustable controller constants after the identification. 

Table 1 Optimal setting of controller parameters by the method of the required model (dynamic inversion) 

Control system kr - controller gain TI - integral time constant 
TD - derivative time 

constant 

proportional I. order T1/(Twks) T1 --- 

proportional II. order (T1+T2)/(Twks) T1+T2 T1T2/(T1+T2) 

integral I. order 1/(Twks) --- --- 

integral II. order 1/(Twks) --- T1 

By applying these relations when Tw = 25 s, we obtain the optimal adjustable parameters of the PID controller 

for the identified system: kr = 1,849, TI = 44,662 s, TD = 4,977 s. The plot in Figure 6a shows the time course 

of the resulting optimal control process. 

8. CONCLUSION 

The article presents the possibilities of using an accessible spreadsheet processor MS Excel and a solver for 

identifying the most frequent types of control systems and for subsequent calculation of the optimal settings of 

controllers in metallurgy. Given solution shows satisfactory results suitable for widespread use in technical 

practice. 
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Abstract  

The changing face of industry is increasingly loading automation. The fourth industrial revolution is a sign for 

the current trend of modernization and automation of individual workplaces and equipment. As part of the 

modernization of the continuous casting machine No. 1 (ZPO1) of Třinecké železárny, a. s., (TŽ), the 

electromechanical oscillating mechanism has been recently replaced by a modern hydraulic oscillating 

mechanism from Danieli. However, due to the implemented modernization interventions, it was necessary to 

address other important aspects associated with the control of continuous casting technology, such as the 

functionality of anti-breakout system (so-called DGS) which was based in 2000 on the analysis of a digital 

signal from the cardan shaft to change the time shifts of the frequency of the oscillating mechanism. This 

signal, by switching to the new hydraulic cylinder drive technology, was no longer available for calculation in 

breakout prediction system, and therefore it was necessary to develop a new way of evaluating the breakout 

alarm called ABS. At the same time, however, new possibilities have emerged to further develop the 

continuous casting management process to meet the requirements of the Industry 4.0 concept. The new 

prediction system is currently based on friction force change in hydraulic cylinder. Friction coefficient is directly 

calculated, from analogue signals coming from hydraulic oscillation machine. The evaluation criteria are 

automatically set according to steel grades. 

Keywords: Antibreak-out system, continuous casting, mold 

1. INTRODUCTION 

In recent years, emphasis has been placed on predictive maintenance to optimize production efficiency and 

reduce production downtime. Accurate and forward-looking information on the possible occurrence of a fault 

condition can prevent economic losses and non-compliance with the production plan. In the past, a frequent 

phenomenon of production losses in the operation of continuous casting of steel number 1 (ZPO1) was a 

breakout in the casting stream. Due to the rupture of the casting crust, this phenomenon causes the given 

casting stream to be stopped, for the duration of the refilling of the currently cast sequence and possible 

downtime in production for work related to removing steel spatter in the casting arc and replacing damaged 

casting units [1]. In 2000, an anti-breakout system (so-called DGS) was developed and installed for the given 

continuous casting equipment to predict the risk of rupture of the casting crust. This diagnostic system worked 

by analyzing the data available from the accelerometer installed on the arm of the oscillating mechanism and 

the digital signal from the engine gimbal. Special algorithms were designed, which calculated on the basis of 

a change in the frequency of individual alarm signals indicating the danger of the formation of significant cracks 

(see Figure 1), which could lead to the initiation of rupture of the casting crust [2]. 

Another added value of the DGS system was the diagnostic system evaluating the condition of the oscillating 

mechanism and the deviations caused by a poorly seated casting unit. Although the original anti-breakout 

system was fully functional and fully suitable for the continuous casting equipment, it was necessary to start 

developing its new concept, as the original electromechanical oscillation was replaced by a modern hydraulic 
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drive, which lost the signal from the cardan of the electromechanical motor [3]. The functionality of the DGS 

system is absolutely crucial. Decisions to replace the existing oscillation mechanism with a new one were 

based on the fact that hydraulic oscillation provides much wider and more flexible options for optimizing 

meniscus events, as (unlike electromechanical oscillation) it allows to change the crystallizer stroke in any 

casting period. set ideal conditions for the given steel for the formation of oscillating wrinkles, compression of 

the casting crust and lubrication at any casting speed and thus optimize the processes taking place in the 

meniscus area, which are schematically shown in (see Figure 2). Proper adjustment of the hydraulic oscillation 

also makes it possible to minimize the risk of rupture of the casting crust, however, such adjustment usually 

goes against quality requirements, so it is always necessary to find some compromise taking into account 

quality and safety risks depending on the cast quality and format. It was thus necessary to find ways to newly 

detect risk conditions, but also to diagnose the state of the entire oscillating mechanism [4] [5]. This challenge 

thus provided the potential of the current practice of continuous casting process control to be further shifted to 

a concept compatible with the requirements of Industry 4.0 [6]. 

 

Figure 1 Example of a bloom surface crack causing strand break-out. Source: [6] 

 
Figure 2 Typical processes in the mould. Source: [6] 
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2. NEW ALGORITHM FROM BREAKOUT EVALUTION 

Calculation of the coefficient of friction 

By analyzing the signals in the Simatic S7 control system, which controls the movement of the hydraulic 

cylinder of the oscillating mechanism, suitable analog signals were found for the development of a new 

algorithm for breakout prediction. The basic essential signal is the coefficient of friction, which expresses the 

force exerted by the steel on the walls of the crystallizer and what resistance arises due to friction during the 

movement of the preform in the crystallizer. The coefficient of friction is calculated as the difference between 

the load of the hydraulic cylinder by the oscillation of the crystallizer at no load and the load during the actual 

casting. Calculations are performed independently for each cylinder. The individual analog signals for the 

calculation are read from the Sinamics inverter oscillating mechanism, which controls the hydraulic cylinder 

motor. To calculate the coefficient of friction, it is first necessary to determine the work of the hydraulic cylinder 

during real casting and during idle operation. The operation of the hydraulic cylinder of the oscillating 

mechanism of the crystallizer during casting is given by the following equation: 

PQ'& � ∮ �S ∙ 7��U1U(*             (1) 

where: 

PQ'& - work under load, in (kN∙m) 

7� - the final stroke of the oscillations of the crystallizer (m) 

V - the measured value of the force acting on the cylinder (kN). 

The work of the hydraulic cylinder of the oscillating mechanism of the crystallizer on the void outside the casting 

is then determined analogously by the equation: 

PU'() � ∮ �S ∙ 7��U1U(*              (2) 

In the next phase, it is necessary to determine their curves (so-called working curves) depending on the total 

stroke of the hydraulic cylinder s (mm) and the frequency of oscillations f (s-1), ie for off-load operation it is a 

dependence: 

PU'() � PU'()�W, Y�            (3) 

It is necessary to have different working curves drawn for all (sinusoidal) asymmetric conditions, from which 

the friction analysis is based. In real casting, the work of the hydraulic cylinder is fundamentally affected by the 

events in the crystallizer, which causes a significant deformation of the operating curves common to the idle 

mode, and the nature of the detected changes is the key to estimating friction in the crystallizer. During casting, 

the preform shrinks, and the effect of the lubricant impairs heat transfer and even heats the crust. The crust 

bends back to the crystallizer plate due to the ferrostatic pressure. Liquid steel re-penetrates into the cracks 

formed in the layer of already solidified dendritic crystals. Only in the lower part of the crystallizer is the crust 

strong enough to maintain the ferrostatic pressure and the gap between the crust and the crystallizer plate, 

which has fallen out of the solidified casting powder, is filled with gas. All these events then significantly change 

the friction in the crystallizer, and thus the working curves of the cylinder.  

Based on the knowledge of the working curves of the hydraulic oscillation cylinder, it is then possible to 

determine the friction force τfric, which is calculated as the working average force divided by the surface area 

of the crystallizer (kN∙m-2), ie it is given by the equation: 

Z[\1U � ]^-_�]`-./
�∙#∙�a+1)&Q�a&Q1U�
*##�∙bc`_

              (4) 
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where: 

d�e7�ℎ - the width of the crystallizer (m) 

d�ℎeg"h�WW - the thickness of the crystallizer (m) 

ijU& - the actual effective length (m) 

The coefficient of friction is defined as the ratio of the friction force to the ferrostatic force in the crystallizer, ie 

it is given by the equation:  

k[\1U � �∙lmno`
p∙q∙bc`_

             (5) 

where: 

r - the density of liquid steel = 70 400 kN∙m-3 

s - the gravitational acceleration = 9.81 m∙s-2 

For analysis, all the above variables are constantly recorded in the In Touch visualization software from 

Siemens in the operator's cab. Individual signals are stored in the diagnostic software only. The system only 

serves for the collection and analysis of process data composed of perfectly modified hardware and software 

components for the processing of measured data. The only advantage of the software is the retrospective 

analysis of the course of individual curves and possible fault diagnosis. Last but not least, a great advantage 

is the possibility of analyzing the dependence of individual signals on each other and possible assistance in 

predicting the fault state of the device. 

Algorithm for calculating the storm prediction alarm 

During the design of the evaluation algorithm, in the first phase there was a systematic collection of data and 

their confrontation with the records of the output control of continuously cast billets. The analysis showed that 

the coefficient of friction µfric is a very effective indicator of non-standard processes in the crystallizer, which 

can lead to a of rupture of the casting crust. Figure 3 shows an example of a risk increase in the coefficient of 

friction. However, for the new ABS anti-breakout system to work properly, it was necessary to determine critical 

increases in the coefficient of friction, which can vary significantly for different qualities and formats. Each steel 

has different typical characteristics during casting, when for example low-carbon (especially peritectic) steels 

on the one hand there is a very sharp and often irregular shrinkage of the casting crust, on the other hand their 

meniscus is very strong and there is no great risk of sticking. to the crystallizer wall. On the other hand, steels 
with a higher carbon content are characterized by a high susceptibility of the meniscus to stick to the crystallizer 

wall, because the meniscus is very soft and therefore very willing to attract to the crystallizer wall, especially 

during positive strip periods, when negative pressure is formed between the meniscus. Thus, during the casting 

of different groups of steels, different movements in the coefficient of friction occur, and the individual increases 

can represent either the normal manifestations given by the characteristic behavior of the steel during 

solidification or, conversely, the risk of breakout. It is therefore appropriate to always carefully consider what 

the individual peaks in the trend of the coefficient of friction mean and to interpret them correctly in the analysis. 

Currently, 3 levels of critical increases in the coefficient of friction are defined at ZPO1 in TŽ, which are also 

monitored for different brands in different time windows. The set criteria are automatically read in the control 

system for individual steel brands and confronted with the real curves of the friction coefficient during 

continuous casting with the new anti-breakout ABS system. When the limit states are exceeded, the ABS anti-

breakout system generates adequate interventions in the casting process, effectively preventing the 

occurrence of rupture of the casting crust. Without the necessary assistance of the crew. 
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Figure 3 Trend of change in the coefficient of during continuous casting. Source: (own) 

3. CONCLUSION 

Under the conditions of continuous casting equipment number 1, a new anti-breakout ABS system was 

developed, based on the analysis of the load on the hydraulic oscillation cylinders. The coefficient of friction, 

which is calculated on the basis of the analysis of the working curves of the cylinder in the unloaded state and 

during casting, has proved to be a suitable indicator of risk conditions during continuous casting. It has also 

been shown that for the correct function of the proposed anti-breakout system, it is necessary to use different 

critical increases in the coefficient of friction and monitor them in different time windows. The need to use 

different permissible increases in the coefficient of friction for different grades (as well as formats) in different 

time windows results from different manifestations of individual steels during solidification, with some marks 

showing high and irregular shrinkage, others prone to sticking to the crystallizer wall. movements of the 

coefficient of friction during casting, which are not directly related to the increasing risk of rupture of the casting 

crust. Currently, a total of 3 levels of critical increases in the coefficient of friction are used on ZPO1, which are 

also monitored for individual brands in different time windows. In addition, the developed ABS anti-breakout 

system makes it possible to automatically generate adequate interventions in the casting process and thus 

effectively prevent of rupture of the casting crust, without the need for crew assistance, which is in line with 

modern requirements for compliance with Industry 4.0 principles. Currently, work is also underway on the 

further development of the already developed and fully functional ABS system, when in cooperation with VUHŽ 

Dobrá we managed to test a new three-axis digital accelerometer, the implementation of which will further 

refine the detection of hazardous conditions and diagnose the entire oscillating mechanism. 
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Abstract 

In connection with the application of technologies / principles of Industry 4.0, industrial practice also requires 

a more consistent application of the principles or principles of quality management. This applies to all areas of 

industry, but it is most pronounced in the automotive industry, engineering industry, metallurgical industry, 

metallurgy, chemical industry, electrical industry, etc. 

The paper focuses on the current requirements of quality management in industrial practice, including 

metallurgy and materials engineering. High quality requirements in the field of metallurgy are inevitable, as 

iron, steel and cast iron products are used in many areas of industrial production, but especially in engineering, 

respectively. automotive industry. Growing competition in the market and increasing customer requirements 

in today's society are forcing companies to apply the principles of quality management more rigorously. Quality 

management ensures the quality of products and requirements for the products in the field of metallurgy and 

materials engineering. New technologies make it possible to improve the production process, participate in 

research into the properties of materials and quality management serves as a set of coordinated activities 

related to quality in the context of the functioning of the entire company. In industry 4.0, products made of iron, 

steel, cast iron and also plastics, in line with technological advances in IT and electrical engineering, will be 

increasingly used to develop and improve industrial production. Introduction of elements, resp. Technology 4.0 

in connection with the increasing demands on the quality of products and materials also requires changes in 

the functioning of industrial enterprises and significantly affects the management of human resources.  

Keywords: Metallurgy, quality management, material engineering, Industry 4.0 

1. INTRODUCTION 

New technologies bring a new era of business, new approaches to the operation of companies, as well as new 

jobs that filter new competencies and skills of employees. While new jobs will require new knowledge and new 

skills, the right combination of skills needed to perform in modern industrial enterprises is increasingly complex 

and will continue to evolve with the development of a technologically advanced work environment. This will 

require the next generations of workers to develop their digital skills and build access to lifelong learning. More 

challenging automation tasks so far include problem-solving skills, intuition, creativity, and persuasion [1]. 

With the advent of technologies and elements of Industry 4.0 comes the transformation of industry into a digital 

environment. This transformation affects almost all areas of industry, but it is most pronounced in the 

automotive industry, engineering industry, metallurgical industry, metallurgy, chemical industry, electrical 

industry, etc. By applying these technologies and elements of Industry 4.0, an industrial practice also requires 

a more consistent application of the principles, as principles of quality management. More consistent 

application of quality management will be based on customer requirements, which will determine 

competitiveness. The application and continuous improvement of production processes and the entire 

production system in industrial enterprises will certainly continue to be an essential part of business practice. 
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2. IMPROVING PROCESSES OF QUALITY MANAGEMENT 

The essence of quality management is a process approach or process management, on which the quality 

management system built according to the international ISO 9000 series standards is based. One of the basic 

principles of quality management is continuous improvement, which is the integration of other principles, 

including customer focus, leadership, employee involvement, evidence-based decision making, and 

relationship management. For effective and efficient quality management in an industrial enterprise, 

continuous improvement of all activities must be applied/processes and at all levels. However, the key role is 

played by the main processes, i.e., production/implementation processes that add value to the product. 

The starting point for the improvement of production processes and two production systems of the company 

is the optimal setting and use of production factors. Factors that mean the need to meet all customer 

requirements and adapt to the changing and conditioned environment of the company (e.g. increased 

competitiveness, pressure on costs, or increasing flexibility of the company) are important. The aim of these 

business activities is to achieve measurable economic and production results, such as the efficiency of the 

production process and timely performance of tasks, as well as identification of factors affecting not only 

product quality but also shortening inter-operational times, minimizing inventory. Modern methods of industrial 

engineering and management of production processes in the company acquire an important role in the 

improvement of existing production systems and the elimination of missing ones [2]. 

Process management in an industrial enterprise is manifested/applied not only at the level of production but 

also in logistics, customer service, etc. All these processes and activities must be coherent and coordinated 

at a high level in order for the company to be efficient in production or services. Some processes and their 

management are taken care of by artificial intelligence thanks to the advent of Industry 4.0. All processes in 

business practice are measurable and analyzed with technologies and elements of Industry 4.0 in real-time. 

Processes can be measured using indicators such as productivity indicators (e.g. OEE), economic (e.g. profit, 

cost, profitability), qualitative (e.g. FPY, complaints, scrap), time (e.g., tact time, cycle time). These indicators 

are analyzed in companies using various methodologies, methods, tools, techniques of industrial engineering, 

and quality management. At present, a number of different methods and tools are described in the scientific 

literature, which is used in improving processes in business practice, e.g. simple quality management tools 

(e.g. 7 basic quality tools), various statistical methods, value flow mapping, SMED, TPM, TOC bottleneck 

theory, lean tools and methods, Six Sigma and more. In fact, it is worth mentioning which of these tools will be 

effective even in conjunction with the technologies and elements of Industry 4.0. The Industry 4.0 paradigm 

says that machines will be interconnected, "cloud solutions" will be used, and the process will be constantly 

optimized in the "digitaltwin" environment. Some methods and tools e.g. (SPC - Statistical Process Control) 

will be part of the machine and there will be self-regulation resp. for self-optimization. Therefore, it is assumed 

that in the future, quality will have to move towards predictive analyzes [3,4,5]. 

The Industry 4.0 paradigm is characterized by interactions and communication between industrial equipment 

and cyber-physical systems to control processes and activities in real-time. Such cyber-physical systems are 

e.g. internet of things, artificial intelligence, robotics, cybersecurity, and 3D printing. Through Industry 4.0, 

companies can leverage autonomous manufacturing systems, make decentralized decisions, and facilitate 

interconnection and communication between employees, machines, orders, suppliers, and customers. 

Industry 4.0 based technology and features (as 3D printing) enable businesses to create products that meet 

customer needs and make it easier to control production parameters such as energy consumption, material 

flow, and real-time monitoring, increasing their competitiveness [6,7,8,9]. 

Industry 4.0 is characterized by mutual cooperation, interconnection, and communication of several systems 

(machines, devices, sensors, and people, transparency of information and virtualization, technical assistance). 

In other words, machine-to-machine, human-to-machine cooperation, i.e. the ability of systems to support 

people in decision making and problem-solving and the ability to help people with tasks that are difficult or 
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dangerous for them and decentralized decision making, meaning the ability of cyber and physical systems to 

make simple decisions and become as autonomous as possible [10,11]. 

Efforts to increase competitiveness are driving research into energy efficiency, reducing emissions, 

redistributing resources, and intelligent Industry 4.0 equipment in business practice. The growth and spread 

of Industry 4.0 are related to the implementation of smart factories, smart products, cyber-physics systems, 

smart cities, and digital sustainability [12,13]. 

The influence and interconnection of information technologies with machines and robots will change the image 

of production as we know it today. The implementation of the just-in-time method will significantly prevail, even 

in production sites where this was not possible. Thanks to these benefits, Industry 4.0 will revive industry in 

the EU and many companies will move production from Asia back to Europe. Digitization and application of 

technologies and elements of Industry 4.0 will enable increased production of products to order to individual 

customers, and increased emphasis will be placed on the required quality of products. It is precisely this fact 

that it can be stated that methodologies and methods of industrial engineering and quality management will 

be more promoted, such as TQM and Six Sigma [14]. 

3. USE OF INDUSTRY 4.0 TECHNOLOGIES IN INDUSTRIAL PRACTICE 

As part of a research project in which we deal with the impact of Industry 4.0 on the priorities of sustainable 

human resources management, we dealt with areas, technologies, or elements of Industry 4.0 that businesses 

use. We also investigated how the implementation of the technologies and elements has currently affected the 

operation of the company. We focused on the following five industries: automotive industry, engineering 

industry, metallurgical industry, chemical industry, electrotechnical industry. 

From the examined group of companies that participated in the research, we selected a sample of 137 

respondents who identified their industries like automotive, engineering, electrotechnical, metallurgical, and 

chemical industries. The representation of respondents from individual industries is shown in the Table 1 and 

graphically illustrated in Figure 1. 

Table 1 Companies structure 

Industry 
Number of 
enterprises 

automotive 65 

engineering 35 

electrotechnical 19 

metallurgical 11 

chemical 7 
 

 

Figure 1 Representation of industries in the survey 

 

The largest number of respondents was from the automotive industry and the engineering industry due to the 

fact that a large number of companies are focused on these two sectors in Slovakia. At the same time, 

companies operating in the automotive and engineering industries are leading companies in the introduction 

of technologies and elements of Industry 4.0. 

In this paper, we focused on the use of Industry 4.0 technologies in the researched industrial enterprises. 

Respondents to the question "Which of the elements of Industry 4.0 do you use in your company" had the 

opportunity to choose more options. The obtained data are processed in graphical form in Figure 2. 
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Figure 2 Use of Industry 4.0 elements in industrial practice 

The most used area of Industry 4.0 is Autonomous Robots, which are used mainly in automotive and 

engineering production, which was stated by 22.3 % of respondents. They play a significant role in the main 

production processes, adding value to the product. Autonomous Robots are elements of human-machine 

cooperation, this cooperation is once again associated with the Industry 4.0 paradigm. Some autonomous 

robots replace people in the production process, giving a place for employees in companies to apply analytical 

and statistical methods to improve the production processes. 

Other elements or technologies of Industry 4.0, which, according to the respondents, are used in industrial 

enterprises, are System Integration and Cloud Computing. These elements enable real-time data sharing, 

subsequent analysis, and application of methods and tools of industrial engineering and quality management. 

Real-time data sharing is a combination of data from production, production processes, machines, measuring 

devices and is combined with external data (administrative claiming, feedback, etc.) and data on energy 

intensity in production and other measurable quantities that occur in the production process. All these data are 

used to streamline production, to improve the quality of products and services. The use of Additive 

Manufacturing & 3D printing has great potential, but our survey shows that the use of Additive Manufacturing 

& 3D printing in business practice was reported by only 0.6 % of respondents. The reason for the low use of 

Additive Manufacturing & 3D printing technology may be the fact that companies currently do not have 

software, or qualified staff to perform 3D printing. 

 

Figure 3 Use of Industry 4.0 elements in industries 
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Based on the obtained data, we also tried to evaluate the independent use of Industry 4.0 technologies in the 

surveyed companies from individual industries. Figure 3 is graphically interpreting the application of basic 

technologies (Autonomous Robots, System Integration, Cloud Computing, Big Data, Simulation and 

Augmented Reality, Internet of Things, Cybersecurity, Additive Manufacturing & 3D printing) in individual 

industries. 

The research found that almost all elements of Industry 4.0 are currently applied in automotive companies, 

except 3D printing. 

For comparison, in the companies of the engineering and electrical engineering industry in the areas of Industry 

4.0 (Autonomous Robots, System Integration, Cloud Computing, Internet of Things and Cybersecurity) the use 

of these technologies is relatively balanced. However, it is necessary to take into account the different number 

of surveyed companies, on 16 respondents from the engineering industry participated in the survey more than 

from the electrical engineering industry. 

As part of the research, we also investigated the impact of elements and technologies of Industry 4.0 on the 

performance of companies, or what is the current situation in the surveyed companies. To the question "In 

your opinion, how did the implementation of elements and technologies of Industry 4.0 affect the functioning 

of the company?" respondents had the opportunity to choose one of the following answers: 

After the introduction of the elements of Industry 4.0 company: 

 achieves better productivity and results, 

 achieves the same productivity and results, 

 achieves lower productivity and results, 

 the company received sufficient support from the state and the government of the Slovak Republic, 

 the company has existential problems, 

 other: the company does not have effectively implemented elements of Industry 4.0. 

The obtained data are processed in graphical form in Figure 4. 

Almost 73 % of respondents described the answer "the company achieves better productivity and results", 

which can be assessed as a positive fact of the implementation of Industry 4.0 elements in industrial practice. 

 

Figure 4 Impact of Industry 4.0 technology in industries 
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4. CONCLUSION 

In the last decade, technology and technological progress have grown exponentially. Mankind, science, and 

industry know the technologies that have undoubtedly made everyday life easier. Technological progress is 

still advancing and we cannot realistically imagine at present what awaits us in the industry in the future, but 

the application of the Industry 4.0 paradigm can certainly be expected. The Industry 4.0 concept is adopted by 

companies and implemented individual technologies. These technologies are mostly used in the automotive, 

engineering, electrical, metallurgical, and chemical industries in the automation of production. Due to our 

research, autonomous robots are mainly used in the mentioned industries, which cooperate with humans in 

the production process, speed up and automate the production process. 

In the context of quality management, it can be stated that the application of elements and technologies of 

Industry 4.0 is in accordance with the basic principles of quality management. In industrial enterprises, all 

processes must be constantly improved using the latest technologies. Top management plays a key role here 

and all employees must be involved in these activities. 
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Abstract  

Agglomeration is an integral part of the metallurgical enterprise; its main task is production agglomerate used 

for the production of pig iron in blast furnaces. The production of the agglomerate consists of in the treatment 

of fine-grained ore material into a material with the required grain size, chemical composition and mechanical 

strength. The treatment of the material on the agglomeration is called sintering. To increase productivity and 

reduce emissions. The work describes the control of lime dosing directly into the mixing process before 

sintering of the agglomeration mixture. 

Keywords: Sinterig plant, agglomeration, lime, silo 

1. INTRODUCTION 

The aim of the research is how important lime will be for the productivity of the agglomerate, as a secondary 

effect, reducing emissions. Lime has been shown to have a positive effect on the productivity of the 

agglomeration process and fuel savings. Lime as an intensifier of the agglomeration process ensures improved 

agglomeration and permeability of the agglomeration mixture. The addition of lime to the agglomeration mixture 

indicates a positive effect on the heat content in the agglomeration bed, which leads to a shortening of the 

agglomeration time and possible fuel savings, see [1-4]. Based on experimental results, the partial use of lime 

in the agglomeration mixture also has a positive effect on the environment. Compared to limestone, quicklime 

improves the heat transfer in the agglomerated layer. With the same alkalinity and the same volume of fuel, 

the carbon dioxide / carbon monoxide ratio can change due to different amounts of carbonates after their 

replacement with lime. Even in the case of lime, the quality, granulometry, quantity and method of adding lime 

to the agglomeration process are very important for the characteristics and productivity of the agglomeration.  

2. PRODUCTION OF SINTERING BELT  

Assuming an unchanged charge composition and the same production technology, the amount of agglomerate 

produced is directly proportional to the speed of the sintering belt. In real conditions, the speed of the belt must 

be adapted to technological changes and the composition and sintering properties of the mixture. If the 

sintering belt speed is too high, sintering is not completed at the end of the belt. The movement of the sintering 

zone ends at a certain distance above the grate surface. The agglomeration mixture below this surface is not 

only dried and dried back into the batch as part of the return agglomerate. This fact significantly reduces the 

productivity of the sintering belt and destabilizes the further sintering process. When the speed of the sintering 

belt is too low, sintering ends well before the end of the suction area and the productivity rises sharply. The 

agglomeration mixture consists of small grains of ores, concentrates, alkaline additives and coke. The gaps 

between the individual grains can be considered as capillaries. According to this consideration, the capillary 

forces in the packaged mixture depend on the diameter and the number of gaps between the individual grains. 

The magnitude of the capillary forces is inversely proportional to the value of the mean grain diameter of the 
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agglomeration charge. For this reason, the finest grains are best packaged and the finest concentrates are 

used for pelletization. The more water is added to the mixture, the more capillaries are filled with water and 

the better the packing conditions. Lime is a typical example of a substance that is commonly used to improve 

packability. 

3. SILO FOR DOSING LIME 

In addition, the lime storage shown in Figure 1 supports the packing process of the agglomeration mixture. To 

understand the flow of energy in the packing process, the specific energy given to the sintered layer by air, 

coke, drying and decomposition of lime is evaluated. The main source of energy is coke in the agglomeration 

mixture, in addition, a certain proportion comes from the hot gas during ignition. Part of the energy is used for 

decomposition limestone and dry the moisture in the mixture. in practice, very little energy is released into the 

chimney due to the combustion of gases, because the heat in the flue gas heating the mixed layer burns only 

the lower layers. Once the entire mixed layer is sintered, then the flue gas temperature is clearly rising. This 

burns the entire layer on the sintering belt. 

 

Figure 1 Lime storage 
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3.1. Function 

The silo is equipped with radar for continuous measurement of lime level. The regulation of the amount of lime 

is ensured by a frequency converter, which regulates only the screw conveyor No. 1, just below the silo hopper. 

The other augers are started by a contactor. In terms of starting the displacement to the first stage mixer. The 

gradual start sequence is from the last screw conveyor to the first screw conveyor. Each auger is started up 

to 5 seconds after the auger to which it is connected is started. Furthermore, the silo is equipped with a vibrator 

and a blower for pouring material from the walls of the tank. The silo can be operated in both local and remote 

control using visualization in the control room shown in Figure 2. It also possible to enter the required amount 

of lime for the visualization. There is also a counter for the amount of lime so far dosed. 

 

Figure 2 Promotic visualization 

3.2. Dosage control  

The dosage amount is calculated from two formulas, according to volume or weight. In the case of weight, the 

calculation is based on the dosing of lime into the mixer and the material of the agglomeration mixture fed to 

the mixer. In the case of volume, the calculation is based on the dosage of lime into the mixer and the bulk 

density of the lime. The frequency of the inverter for screw speed control No. 1 is based on the equation shown 

in Figure 3. A current loop of 0-20mA is used as information for controlling the inverter and its feedback. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1283 

 

Figure 3 Graph of lime dosing, based on the frequency of the converter 

4. CONCLUSION 

From the data obtained, lime has a positive effect on the production of the agglomerate. Agglomerate 

production increased by an average of 10 % due to packability. Another positive effect was recorded on the 

reduction of carbon dioxide and carbon monoxide emissions; there was a decrease of up to 20 %. The 

maximum disadvantages remain the maximum capacity of the production plant. In terms of productivity, the 

operation was on the verge of possibility. The lime control system was connected to the existing agglomeration 

control system (Siemens S400); the control was processed only with the help of unified signals. The silo system 

itself controlled the entire subsystem. The main control system, regulating the speed of the first auger based 

on the described algorithm. Similar tasks are solved in [5-8.] 
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Abstract  

The paper presents a comparison of methodological approaches to creating tender calculations in engineering 

companies focused on the production of metal sheet parts and welded constructions. The compared 

methodologies of tender calculations are divided into a manual conventional approach and an automated 

approach. The conventional methodology is based on a practical approach to the creation of tender 

calculations by specific companies. The automated approach is performed through a prototype of the online 

calculation application Aurendi. The calculation is performed by both mentioned approaches on selected types 

of drawings of metal sheet parts and welded constructions to achieve the relevant research results. The 

drawing documentations were carefully selected to require a wide range of technological operations necessary 

for producing the parts. The list of key technological operations is based on laser cutting, bending on a bending 

press, straightening, welding, grinding, surface treatment and other smaller workshop operations. Raw 

materials, fasteners and logistics operations associated with the production of the parts are included in the 

price of purchased items. A crucial point in the creation of the calculation is a selection and acquisition of a 

suitable type of material considering the prescription in the drawing documentation. The subject of the research 

is to determine the percentage of time savings using the automated methodology offered by the Aurendi in 

comparison with the conventional approach. A part of the research output is the time data necessary for 

creating the tender calculation as well as the calculated prices for both compared approaches. 

Keywords: Tender calculations, mechanical industry, metal sheet parts, welded constructions, pricing 

1. INTRODUCTION  

According to the definition of the Oxford Advanced Learner's Dictionary, the word "Automation" means use 

machines and computers for work previously done by men. [1] Metal sheet part producers have to take into 

consideration different procedures to distinguish themselves from their competitors in the market. Offering 

customized, top-quality products at the lowest price possible is the main goal in order to stay in the market. 

The production cost has to be known, so the producer can set the price as competitive as possible. It is 

important to have an appropriate information system for production tracking and evidence in company [2]. After 

the manufacturing process, a detailed report can be collected in order to determine the cost of the final product 

through after-calculation. However, quite often an estimate of the production cost is required, prior to the actual 

production of that part. The production cost, therefore, has to be estimated within as precise as possible 

accuracy range, although all necessary detailed information is not known yet. To surpass this lack of detailed 

information, cost-estimation techniques are used by producers to assess the cost within a certain accuracy 

range. Different cost estimation approaches resulting in three main methods can be found [3]:  
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 Variant-based cost estimation: product cost estimation is based on the actual cost of similar products 

manufactured already. Decision-making based on the partial similarity of the products produced before 

is not that exact and rather subjective, therefore inclinable to mistakes [4].  

 Generative cost estimation: Estimation procedure based on the detailed analysis of different production 

processes. For each particular process, the cost is assigned, therefore this kind of cost estimation is 

mainly based on process planning [5,6].  

 Hybrid cost estimation: This method is executed in situations where the final product is completed from 
different parts and where some of those parts are in different stages of development. As a result, detailed 

information will be available on some products, while others are still in the early stages of development, 

without further information. Generative methods can be used for parts with available data. For those 

parts that are still in the initial stages, variant-based methods are used [7].  

The determination of the selling price for a product must be considered from the design of the part, therefore 

it is important to provide designers with tools and methods for assessing product costs during the early stages 

of the design process when there are the necessary degrees of freedom to change critical product features 

towards economic savings [8]. The preparation of tender calculations in engineering companies is based on 

basic concepts from the field of economics and the market environment. The term market in the economy 

means any system of buying and selling. It is a coordinating mechanism that puts together separate plans of 

individual entities trying to sell and buy the goods. The market can take various forms: physical, virtual, product 

and service markets, production invoice markets, etc. The business relationship begins with a potential 

customer's demand from a potential supplier. This is the relationship between the different prices of goods and 

the quantities that consumers want and are able to buy at these prices over a period of time. This relationship 

can be represented as a demand table or demand curve. The quantity that consumers intend to buy at a given 

price over a period of time is called the quantity demanded. The setting of tender prices is governed by the 

law of demand, which is described as follows. Under otherwise unchanged circumstances, with the growth of 

the price, the demanded quantity will decrease and, conversely, with the decrease of the price, the demanded 

quantity will increase. In response to demand, potential sellers respond with supply, which is the relationship 

between the different prices of goods and the quantity offered by sellers over a period of time. Similar to 

demand, supply can be represented by a supply table or a supply curve. The quantity of product offered is the 

quantity that the manufacturer plans to sell in a given period of time at a given price [9].  The basic criterion in 

any tender is the price, which indicates how much money we have to give for a particular good or service [10].  

In order to determine the price properly, it is necessary to know the competitive environment and the 

importance of competition. Competition is defined as rivalry between sellers or buyers of the same goods, i.e. 

as competition across the market. It means a clash of supply and demand [11]. 

2. THE METHODOLOGY BASES 

The aim of this paper is to compare two different methodological approaches in the calculation of tender 

calculations.  

2.1. Research of conventional methodological approach in practise 

The essential for the correct calculation of the tender calculation for sheet metal parts and welded constructions 

is the demonstrable experience of a professional familiar with the engineering environment of manufacturing 

companies. The professionals must be knowledgeable of production processes to such an extent that they are 

able to reliably calculate the tender calculation so that the resulting tender price is competitive with other tender 

and at the same time calculated to ensure the company's profit. Basic points that must be considered when 

calculating the tender calculation are price of material, cost of laser cutting, bending costs (bending press), 

welding, grinding, surface finishing, other workshop operations and cooperation (this point includes a wide 
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range of possible technological operations depending on the nature of each part calculated. With regard to the 

significantly lower frequency of specific workshop operations and their variability, for the research of 

percentage time savings, this point will be characterized as a set of partial workshop operations), handling and 

packaging, transport, and margins. 

Material price: The price of the material is available from the established suppliers of metallurgical materials 

of each company on request from a sales representative and offered based on the current trend in the market 

of materials and the required quantity. 

Laser cutting costs: This point can be solved in two ways concerning the situation in each company if it owns 

the technology or uses it through cooperation with a partner company that owns the technology. 

Own technology - the employee submits the tender documentation for automated calculation through the 

software supplied with the technology and thus obtains the exact time required for the production of the part. 

Technology of the subcontractor - the employee sends the materials for production to his subcontractor and 

receives feedback with a specific price offer for subcontracting (for the research, a variant of the company's 

own technology will be considered due to other incoming inaccuracies in the meaning of the necessary time 

allowance for partner companies to obtain a subcontract).  

Bending costs: At this point, we will also assume ownership of the technology by the company. The cost for 

the technology on a bending press can be calculated by subtracting the amount and complexity of bends on 

the part from the drawing documentation. Furthermore, the size and weight of each part must be taken into 

account and these inputs should be reflected in the final price calculation. 

Welding: The calculation of the technological part of welding is estimated based on the regulation on the 

drawing documentation and the length of the weld. 

Grinding: When processing sheet metal parts and welded structures, grinding is intended as a basic surface 

treatment performed to unify the surface after welding. The costs of the grinding operation are estimated 

through the welding parameters prescribed in the drawing documentation. 

Surface finish: At this point, the surface treatment means the requirement for galvanizing, blasting, or painting 

in the case of processing carbon steel parts, or design grinding, ballotine blasting or painting in the case of 

processing stainless steel parts and anodizing aluminum. 

Other workshop operations and cooperation: The key point for the research is not a complete analysis of 

all possible workshop operations and cooperation in this block, within the research of the time study of the 

preparation of calculations this block is taken as a whole, where individual operations will not be specified due 

to their diversity. 

Handling and packaging: Within the production of parts, it is also necessary to take into account the non-

production costs of internal handling during production and subsequently the time required for the final 

inspection and packaging of already finished parts. 

Transport: Shipping costs are considered optional in this block depending on prior agreement with the 

customer. For the presented research, the collection of finished parts by the customer at the headquarters of 

the supplier is considered. 

Margins: The last and most fundamental point that affects the tender calculation is the determination of the 

amount of the supplier's profit when processing the ordered order. The amount is determined individually 

according to the key parameters of the business and competitive strategy of the company. 
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2.2. Online web application the Aurendi 

The Aurendi online web application is a tool for engineering companies engaged in the production of sheet 

metal parts and welded constructions. The Aurendi has been designed for a specific area of tender calculations 

to achieve higher price accuracy while increasing efficiency. The application includes regularly updated price 

databases of metallurgical materials made of steel, stainless steel, and aluminum, and also contains price 

databases of purchase items, such as fasteners. The application is developed to reflect the diversification of 

each company's machine portfolio. Therefore, each user can add their own machine park to the technical 

library of the application and use only this data. The application also allows technical comparison of different 

technologies and their suitability and usability for each specific demand. 

Through the focus of the application on the creation of tender calculations, it is necessary to emphasize its 

delimitation from classic technological calculations to the reliable execution of which are crucial higher 

technical knowledge of the user in the given technologies. For this reason, the application offers maximum 

technical support and all calculation blocks are designed to calculate the minute allowance for partial technical 

tasks. The user-designed time allowances for each work operation are evaluated in the target rate of the 

performed action depending on the input data that the user fills in when the application is started for the first 

time. The input data that must be entered by the user include the company's hourly rate, hourly rates for sub-

machines, a profit setting system depending on the quantity levels, and the business model with regard to the 

competitive environment. The application environment and its advantageous affordability for small and 

medium-sized enterprises also bring new sales and marketing channels for suppliers of metallurgical and 

fasteners in the manufacturing industry. Through the automatically generated inquiry form sent to the partner 

companies, suppliers can immediately respond to the inquiry sent in the initial tender of their potential 

customers. The system is able to determine the necessary data for calculation from drawing documentation in 

.dxf format based on multi-parametric analysis by inserting a drawing documentation file into the application 

environment. The cloud implementation of the project guarantees the usability of the system regardless of the 

user's location. Other advantages of the application include a large number of partial functionalities that simplify 

the user's work with tender calculations. The output of the application is the cost and sales prices calculated 

for each partial work operation and the purchased item in the required quantity levels of each calculated item. 

The user can generate the given price output in .pdf or .xlsx formats and combine the calculated data within 

their own settings. 

2.3. Experimental part   

The study is performed on 15 type drawings of sheet metal parts of welded constructions. The drawings were 

carefully selected to account for all key blocks. All drawing documentation is properly marked for retrospective 

inspection. The research is focused on the comparison of two methodological approaches and the resulting 

amount of time savings when using the automated method of calculating tender calculations through the online 

web application the Aurendi. Surveys are performed by time deduction for each individual calculation 

performed. A 3-minute pause was established between calculating each drawing. First, the calculation was 

performed by a conventional method, only using basic office supplies and printed drawing documentation. The 

conventional procedure was performed according to the research of the established calculation methodology. 

Table 1 shows the resulting costs for the production of parts and the time required to calculate the calculation. 

The second part of the table shows the time values read when working with the Aurendi, at the same time the 

price value for each calculated part is given. The most important point in the table is the percentage calculation 

of time savings when creating a tender calculation using an automated methodology with respect to price 

formation in a conventional manner. 
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Table 1 Collected data of time savings and costs 

Drawing 
number 

Conventional procedure Automated procedure by Aurendi Time saving [%] 

Time required 
[min] 

Final cost [CZK] Time required 
[min] 

Final cost [CZK] 

301-00-001-01 12:09.35 4,430.00  5:45.58 4,166.86 52.58 

301-00-008-01 7:28.17 980.00 4:02.47 881.16 45.84 

301-00-014-00 8:16.24 1,240.00 4:35.05 1,342.86 44.58 

301-00-015-01 11:07.53 2,550.00 5:14.06 2,289.99 52.97 

301-02-000-00 13:02.18 3,550.00 6:15.31 3,745.27 52.00 

301-03-000-01 13:53.04 3,450.00 6:41.39 3,621.45 51.79 

301-03-002-00 6:46.24 850.00 3:26.14 756.63 49.25 

302-00-017-00 11:48.57 2,400.00 5:31.21 2,341.65 53.26 

302-00-033-02 7:22.06 720.00 3:56.48 767.99 46.44 

302-03-007-02 17:44.56 5,950.00 7:54.34 5,578.36 55.44 

303-04-002-01 11:03.42 1,460.00 5:25.31 1,369.63 50.95 

303-04-005-01 10:26.08 1,330.00 5:15.03 1,226.29 49.68 

303-06-000-00 13:27.06 3,280.00 6:31.06 3,054.77 51.54 

303-06-002-00 8:36.21 710.00 4:25.16 615.43 48.63 

304-00-023-02 7:59.06 1,220.00 4:28.32 1,331.83 43.95 

The resulting average time saving [%]                                                                                                                  49.93 

3. RESULTS AND DISCUSSION 

The result and the answer for the research question is almost 50%-time savings when using the Aurendi web 

application. This conclusion can be assessed as justified. The Aurendi provides its own database of regularly 

updated prices of metallurgical materials, so the person responsible for tender calculation does not have to 

communicate with suppliers during each calculation. Another key point is the automation of the calculation 

when dividing the material, including the recommendation of the most suitable layout on the sheet format. The 

calculation of this block is only a vague estimate in the conventional methodological approach without the use 

of software for a laser or other material cutting machine. By using specialized software, an accurate calculation 

is available, but again, the time for preparing the offer calculation increases many times over. It is also 

necessary to take into account the need for the employee responsible for creating calculations to be trained in 

the use of the given software. A further reduction in time can be stated on the basis of Aurendi's own 

methodological approach. The application of our own methodology increases efficiency and accuracy while 

reducing the risk of omitting a partial workshop adjustment in the calculation. At first glance, the resulting 

calculation is more accurate than the calculation performed by the conventional method. The accuracy and 

precision of the calculation are not the subject of examination of the submitted final work and for this reason, 

the feedback of real production costs will not be evaluated with respect to the calculation of the tender 

calculation. This feedback will be evaluated when setting technical parameters and algorithms in the 

application itself in specific companies. The study is performed using a prototype of the Aurendi calculation 

application and it is necessary to state another possible increase in time savings when completing product 

development leading to maximizing efficiency at work and optimizing the user environment. 
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4. CONCLUSION 

This paper aims to compare the methodological approaches to the formation of tender calculation in 

engineering companies oriented on the production of metal sheet parts and welded constructions. The subject 

of the research is to determine the percentage of time savings using the automated methodology offered by 

the calculation tool, the Aurendi on-line application, in comparison with the conventional approach to the 

calculation used in practice. 
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Abstract 

The paper examines the issue of increasing the use and demand for low-carbon wire produced in secondary 

metallurgical production in the Czech Republic, which is important in fields which support development in 

industries such as transport, electricity production, medicine, food, aerospace, armaments and education. 

Research through surveys, determination of the links in this area, and establishment of the hypotheses and 

evidence for the need to address this current topic has provided knowledge which can potentially increase the 

added value of low-carbon wire. 

Keywords: Low carbon wire, metallurgy, higher degree of appreciation, secondary metallurgical production 

1. INTRODUCTION 

The issue of increasing the use and demand for low-carbon wire produced in certain branches of secondary 

metallurgical production in the Czech Republic carries its own pitfalls but is nonetheless an important link to 

branches of primary metallurgy which support the development of production under certain technological 

chains. The research on this current issue gathers knowledge to create value in the low added value status of 

low-carbon wire. 

The aim is to highlight some of the problems which exist in the technological chain of low-carbon wire 

production in certain areas of secondary metallurgical production in the Czech Republic and to acquire 

research knowledge for potential solutions. 

2. INTRODUCTION TO THE ISSUE OF INCREASING THE USE AND DEMAND FOR LOW-CARBON 

WIRE PRODUCED IN THE CZECH REPUBLIC 

The issue of a higher degree of added value in low-carbon wire produced in the Czech Republic is 

compromised by disconnection with the technological chains of secondary metallurgical production and 

engineering from the perspective of capital structure. 

Research conducted at finishing companies in the Czech Republic has shown that recent or already defunct 

companies have not been able to compete with their counterparts. From a dozen or so screw mill operations 

in the Czech Republic, only two still exist. With respect to the available range of products, the research points 

to, for example, phosphated wire and copper-plated wire, which are currently not part of the technological 

chain of domestic Czech manufacturers. The technologies capable of finishing production are not resilient 

towards the high pressure of competition generated by other technologies. 

2.1. Low-carbon wire production in the Czech Republic 

Low-carbon wire is produced at the companies ŽDB DRÁTOVNA a.s. in Bohumín and HŽP a.s. in Prostějov. 

Supply requirements are currently fragmented into a small number of deliveries, creating the space for 
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competing subcontractors and suppliers on the Czech Republic’s domestic market. The environment is 

represented by the diagram in Figure 1. 

Production at ŽDB DRÁTOVNA a.s. is focused on the processing of rolled wire. An integral part of the wire 

shop is a drawing plant for the production of non-patented wire (low carbon) and light annealed and semi-hard 

wire with material quality in accordance with the standard EN 16120-2. Since 2012, ŽDB DRÁTOVNA a.s. has 

been a subsidiary of TŘINECKÉ ŽELEZÁRNY a.s. (Trinec Iron Works, Inc.). This company has a number of 

operations, including a patented wire drawing plant, low-carbon wire production, a rope making plant, steel 

cord production, spring production and other wire production. The company’s proportion of exported products 

(certificate in accordance with EN ISO 9001: 2008, ISO / TS 16949: 2009) is more than 80 % [1,2]. 

 

Figure 1 Environment of low-carbon wire supplier and consumer (screw shops, spring plants)  

in the Czech Republic 

2.2. Research findings 

The outcomes of developments in low-carbon wire production in relation to distribution are as follows:  

 Disconnection of the production and supply chain of low-carbon wire due to the number of deliveries 

and amount of production required in the Czech Republic. 

 Economic motivation for the demand and production of low-carbon wire manufactured in the Czech 
Republic. 

 Coverage and interconnection of domestic demand and production in terms of capital structure (i.e., in 

the Czech Republic). 
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3. ANALYSIS OF THE DEVELOPMENT OF NEW OPPORTUNITIES  

Analysis of the research was performed by mapping the market, conducting a literature review, and conducting 

questionnaire surveys in cooperation with RMTVC (Regional Materials Science and Technology Centre). 

A large proportion of low-carbon wire production (92 %) is destined for import by car manufacturers. However, 

car manufacturers do not use the production of Czech finishing companies and thus do not create added value 

for low-carbon wire in the country. Despite this, Czech manufacturers possess the technology to produce these 

products. Manufacturers who use these products could source production in the country but instead purchase 

from other suppliers. The proportion of use by the automotive industry is shown in Figure 2. 

 

Figure 2 Manufacturers’ proportions of the automotive market in the Czech Republic [3] 

The supply chain is thus broken and a higher degree of use and demand for low carbon wire produced in the 

Czech Republic is not considered. Figure 3 shows the current state in a simplified graphic form. 

 

Figure 3 Current business structure identified by the research for potential change 

The questionnaire surveys and results of the study on a higher degree of use and demand for low-carbon wire 

were applied to create a new potential business model, illustrated simply in Figure 4. 

In many case studies, this area of research has failures. Although the literature provides studies on material 

safety, which is closely related to the topic, and indispensable knowledge of raw materials and marketing, 

foreign studies do not align with the specific problem of low-carbon wire production in the Czech Republic  

[3-11]. 
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Figure 4 Simplified model of the potential business structure identified by the research 

At RMTVC, the research in this area has focused on material safety and published various results. However, 

RMTVC is not currently further investigating this issue, and research and development essentially addresses 

the task of the primary producer [12,13]. The new business model would provide a link between research and 

development with the RMTVC material center’s available laboratory technology and the various low-carbon 

wire processors and thereby address their future competitiveness on world markets in 2025-2030. 

4. RESULTS  

Further research and the monitoring of research and development offers basic solutions primarily aimed at the 

tasks of the final producer. Research should, however, further address areas where the potential for high 

added value exists, i.e., at the final link at the end of the chain. Up to 80 % of steel research tasks currently 

concern the primary steel producer, not the group of finishing companies which use steel in the automotive 

and food industries. 

The automotive industry conceals a large number of deliveries. Production also involves galvanic treatment, 

cadmium plating, and plating of special parts for use in the industry. Another group are customers with below-

threshold consumption. We hypothetically ask what would the result be if the percentage changed by only 

2 %? What would occur and how would the importance of finishing companies be strengthened? 

The production output of automobile factories could contain 70 % of production, which, when converted, is no 

longer simply a transient number in the form of screws per kilogram of each car produced. To illustrate, a car 

weighs 1440 kg, of which 814 kg of production is from the smelter containing 20 kg of low-carbon wire bolts. 

The potential is the production of 600,000 cars which contain 1,200,000 pieces, i.e., 70 kg, per car. 

All of the above is derived from research and relates to the structure of the entire economy, i.e., with a higher 

degree of use and demand for low-carbon rolled wire produced in the technological chains of secondary 

metallurgical production and engineering in the Czech Republic. 

5. CONCLUSION 

The research results suggest that the issue of utilization and demand for low-carbon wire produced in selected 

branches of secondary metallurgical production in the Czech Republic lies in disconnected technological 

processes, which results in less production of finished products in the country.The raw material manufacturing 
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chain ends with the export of raw materials, i.e., semi-finished products, and consumers in the Czech Republic 

do not benefit from the higher added value of low-carbon wire produced by the finishing phase. Further 

research will be conducted for a dissertation and will apply marketing product segmentation models to 

investigate a new and essential business model. At present, the production chain is broken and contains a low 

volume of deliveries, i.e., the demand from the end consumers of Czech subcontractors who purchase from 

manufacturers outside the domestic market is satisfied by deliveries of unknown and fluctuating quality, despite 

the fact that high-quality low-carbon wire can be adequately produced according to customer requirements in 

the Czech Republic. For the reasons outlined in the findings above, Czech manufacturers are experiencing a 

shortfall. 
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Abstract 

Today, the sustainable development goals adopted by United Nations belong to the basic pillars of sustainable 

business strategies of all industrial companies, including metallurgical and mining. However, their preferences 

often differ significantly in different companies around the world. One of the reasons for the different 

preferences may be the economic country conditions. The aim of the paper is to verify the hypothesis that the 

preferences of individual sustainable development goals in metallurgical and mining companies strongly 

depend on the economic country conditions in which these companies operate. The PROMETHEE ranking 

method and its GAIA tool were used as the main research methodology. The obtained results led to the 

confirmation of the above hypothesis and the definition of the goals most preferred in companies operating in 

the G7 countries, developed economies, and developing economies.  

Keywords: Sustainable development goals, metallurgical and mining companies, economic country 

conditions, PROMETHEE method, GAIA tool 

1. INTRODUCTION 

Today, sustainability is becoming an integral part of the strategy of many metallurgical and mining companies. 

Legislation in different parts of the world also makes a significant contribution to this. For example, the Directive 

2014/95/EU of the European Parliament and of the Council as regards disclosure of non-financial and diversity 

information (also called as Non-Financial Reporting Directive) introduced sustainability reporting obligations 

for approximately 11,700 large public-interest companies and groups with more than 500 employees across 

the EU [1]. The current state of research into the Directive discussed Korca and Costa [2]. The Directive was 

introduced by European Union in compliance with Sustainable Development Goals (SDGs) adopted by United 

Nations Member States in 2015 (SDG target 12.6) [3]. Therefore, SDGs are naturally integrated into 

sustainable reporting [4], including companies from the metallurgical and mining industry across the world. 

The aim of the paper is to analyse the SDGs preferences in the metallurgical and mining industry and verify 

the hypothesis that the preferences of individual SDGs strongly depend on the economic country conditions in 

which these companies operate. 

2. LITERATURE REVIEW 

United Nations Member States adopted 17 SDGs as the key part of The 2030 Agenda for Sustainable 

Development [5]: (1) No poverty, (2) Zero hunger, (3) Good health and well-being, (4) Quality education, (5) 

Gender equality, (6) Clean water and sanitation, (7) Affordable and clean energy, (8) Decent work and 

economic growth, (9) Industry, innovation and infrastructure, (10) Reduced inequalities, (11) Sustainable cities 
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and communities, (12) Responsible consumption and production, (13) Climate action, (14) Life below water, 

(15) Life on land, (16) Peace, justice and strong institutions, (17) Partnerships for the goals. 

Business worldwide can play a crucial role in the advancement of The 2030 Agenda for Sustainable 

Development. With the setting of the SDGs, the role of business in economic, social and environmental 

development has never been more imperative [6]. According to Yamane and Kaneko [7] awareness of SDGs 

is constantly increasing not only among companies but especially among their stakeholders. Also Van der 

Waal and Thijssens [8] state that the SDGs stress the necessity of businesses’ active participation, appealing 

for their creativity and innovation to create value for the common good. However, preferences of SDGs across 

the business very often differ significantly. The paper builds on research conducted by Lenort, et al. [9], which 

analysed the SDGs preferences in the metallurgical and mining industry in terms of geographical location of 

individual companies. It aims to extend this analysis to an economic country conditions perspective. 

3. METHODOLOGICAL BASE 

PROMETHEE belongs to the family of multi-criteria decision-making methods based on special, so called 

outranking relations. In general, PROMETHEE covers several algorithms for various multi-criteria problem 

[10]. In this paper, we will use only the graphical analysis GAIA (Graphical Analysis for Interactive Aid) to 

explore the relationships among the criteria and alternatives and get the performance profiles of the 

alternatives. Therefore, just the corresponding theoretical background is provided further. 

First, let us briefly recall the ranking algorithm using a general decision-making problem with n criteria (set t) 

and m alternatives (set d). All PROMETHEE algorithms starts with the pairwise comparison of alternatives 

u1 , uv in terms of each individual criterion " ∈ t. To do this, a preference function ��, which assigns the 

preference degree x�yu1, uvz ∈ {0,1~ to the difference in performance values of the compared alternatives, must 

be chosen (the preference degree describes how strongly a decision-maker prefers u1 to uv). This choice has 

to be done with respect to the both data type and 

range of a criterion. In general, the preference 

function must be non-decreasing (the greater 

difference in performance, the stronger preference 

in favour of the better alternative) and with ����� �
0 for � � 0 (the worse-performing alternative 

cannot be preferred). The authors of the method 

recommended the linear or Gaussian shape of the 

preference function to handle quantitative data, 

see Figure 1 [10].  

For the purpose of the GAIA plane, the preference degrees must be aggregated into so called single-criterion 

net flows, which express how much better an alternative performs in comparison with all others in terms of the 

given criterion: 

���u1� � 1
� � 1 � �x�yu1, uvz � x�yuv, u1z�

�

1�, �o���
, ∀ " ∈ t, ∀ e ∈ d.   (1) 

Then, each alternative is given with h-dimensional vector of the flows. To display the alternatives graphically 

onto the plane, the PCA (Principal Component Analysis) method is applied, see Brans and De Smet [11]. 

Because the GAIA plane provides only the projection of the real problem, it is necessary to check the quality 

of projection. In line with Brans and De Smet [11] the quality better than 80 % is absolutely acceptable. 

Figure 1 Linear and Gaussian preference function’s 

shape 
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The GAIA plane can be interpreted as follows. The criteria (originally the axis) are projected as the vectors 

with the origin in [0,0], and alternatives are displayed as points in the plane. (a) If an alternative point in a 

similar direction as a criterion, then the alternative performs well in this criterion and vice versa, (b) If two 

alternatives are close to each other, they have similar profiles (and vice versa), (c) The longer a criterion vector 

(axis), the more discriminating criterion and vice versa, (d) Criteria which express similar preferences point in 

similar directions (and vice versa). 

4. INPUT DATA 

The input data sets for the study were obtained from official UN sources, namely from the UN Global Compact 

database (see [10]). This database gives information about sustainability strategies and operations of involved 

companies and non-business organizations. There are more than 17,000 members from around the world 

involved, from which more than 15,000 are active members. There are 7 basic parameters in the database 

according to which it is possible to filter the desired results [12]:  

 Type - the type of the member (e.g., company, NGO, city). 

 Tier - the tier of the involvement (signatory or participant). 

 Platform - the platform in which member can be involved (e.g., Peace, Justice and Strong Institutions, 
Water Resilience Coalition). 

 Initiative - the initiative in which member can be involved (e.g., Business Ambition for 1.5 °C, GC 100, 

Carbon Pricing Champions). 

 County - the country where the member HQ is located (all UN member states). 

 Sector - the sector of member (business) interest (20 sectors and 42 sub-sectors). 

 Status - the status of communication with UN Global Compact (Active or Non-communicating). 

For the study, the active members from the sector Basic resources and further subsector Industrial Metals & 

Mining where selected. This filter provided 133 members for further study. All members in that selection were 

either Companies (65) or Small or Medium-sized Enterprises (38). The geographical distribution can be seen 

in Figure 2. 

 

Figure 2 The geographical distribution of active members in subsector Industrial Metals & Mining 
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Each active member should submit to the database the Communication on Progress (COP), which includes 

answer to the following question: “Which of the following Sustainable Development Goals (SDGs) do the 

activities described in your COP address?”. By answering this question, members proclaim which SDGs are 

in their focus. In the analysed subsector 103 members provided answers to this question and binary values 

were obtained from their reports. The absence of answers is especially noticeable for newly involved members 

(17 of 20 members involved in the last 365 days) who have not yet sent the first COP report. Remaining 13 

members skip this part of the report continuously. Further 3 members did not mark any SDG and were therefore 

removed from the analysis. 

The remaining 100 members were divided according to the economy conditions (EC) of their HQ country, 

which was a basic parameter in further research. Four categories according to UN [13] were defined: G7, 

developed economies, economies in transition and developing economies. The division of members in terms 

of economy conditions of their HQ country is as follows: major developed economies (G7) 26, developed 

economies (DD) 31, economies in transition (EIT) 7, and developing economies (DNG) 36. 

To get the performance values for the chosen categories, the arithmetic mean of binary values was used, i.e., 

the relative frequency with which the companies in the particular countries follow the given SDG (e.g., the 

value of 0.1 means that 10 % of companies in the countries with selected economy conditions follows the 

specific SDG and 90 % do not). The resulting input data are provided in Table 1. 

Table 1 Input data for the analysis 

EC/SDG 
No. 

Members 
SDG 1 SDG 2 SDG 3 SDG 4 SDG 5 SDG 6 SDG 7 SDG 8 

G7 26 0.27 0.23 0.54 0.62 0.73 0.54 0.73 0.85 

DD 33 0.21 0.12 0.62 0.50 0.47 0.53 0.56 0.76 

EIT 7 0.43 0.14 1.00 0.86 0.43 0.86 0.71 1.00 

DNG 36 0.67 0.44 0.92 0.83 0.81 0.83 0.72 0.94 

EC/SDG SDG 9 SDG 10 SDG 11 SDG 12 SDG 13 SDG 14 SDG 15 SDG 16 SDG 17 

G7 0.69 0.38 0.38 0.81 0.69 0.15 0.46 0.46 0.42 

DD 0.71 0.44 0.35 0.74 0.79 0.21 0.35 0.47 0.47 

EIT 0.71 0.43 0.57 1.00 0.71 0.00 0.71 0.57 0.86 

DNG 0.83 0.64 0.64 0.86 0.89 0.33 0.69 0.83 0.78 

5. RESULTS 

To perform the analysis, Visual PROMETHEE software has been applied. Linear preference functions (see 

Figure 1) were adopted for all the criteria (SDGs) with the same parameters (� � 0, x � 1). This setting allows 

for an easy comparison of the values across the criteria (all the performance values range from 0 to 1). 

Frequency analysis of individual SDGs shows that metallurgical and mining industry worldwide prefer to follow 

these SDGs in 2020: 8 Decent work and economic growth, 12 Responsible consumption and production, 3 

Good health and well-being, 13 Climate action, and 9 Industry, innovation and infrastructure. On the other 

hand, the following SDGs are preferred the least often: 14 Life below water, 2 Zero hunger, 1 No poverty, 10 

Reduced inequalities, and 11 Sustainable cities and communities. 

Figure 3 shows the GAIA plane for the analysed input data. Quality of the GAIA projection is 93.6 % (calculated 

directly in the software), which guarantees reliable results. All country categories (alternatives) are situated in 

different quadrants. This means that the companies from individual country category tend to follow very 
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different SDGs (criteria), which are represented by the blue vectors in the plane. Relatively large similarities in 

patterns of behaviour can be seen only in case of G7 and DD (developed economies) category. This result 

could be expected because G7 category is essentially a special subcategory of developed countries category. 

 

Figure 3 GAIA plane 

Figure 4 shows the GAIA action profiles. These profiles are based on the unicriterion flows ���u1� (1) and 

allow to compare one country category with all other ones. Also from these profiles is obvious that preferences 

of individual SDGs are similar only for G7 and DD category, but very different for DNG and EIT categories. 

 

Figure 4 GAIA action profiles 
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Compared to metallurgical and mining companies from other country categories: 

 Companies in major developed economies (G7) relatively strongly prefer SDG 5 Gender equality. On 

the contrary, they do not prefer especially SDGs: 3 Good health and well-being, 17 Partnerships for the 

goals, 6 Clean water and sanitation, 1 No poverty, and 16 Peace, justice and strong institutions. 

 Companies in developed economies (DD) do not have strongly preferred SDGs. However, they most 

often do not prefer SDGs: 4 Quality education, 15 Life on land, 1 No poverty, 17 Partnerships for the 

goals, and 6 Clean water and sanitation. 

 Companies in economies in transition (EIT) strongly prefer SDGs: 3 Good health and well-being, 17 
Partnerships for the goals, 6 Clean water and sanitation, 4 Quality education, 15 Life on land, and 12 

Responsible consumption and production. On the contrary, they do not prefer especially SDGs: 5 

Gender equality and 14 Life below water. 

 Companies in developing economies (DNG) prefer all SDGs, but more strongly: 1 No poverty, 16 Peace, 

justice and strong institutions, 2 Zero hunger, and 5 Gender equality. 

6. CONCLUSIONS 

Worldwide SDGs preferences reflect the character of the metallurgical and mining industry. The industry is 

very capital-intensive (SDG 8), requires large row materials and energy resources (SDG 12), belongs to the 

larger employers with a high risk of injury (SDG 3), is one of the biggest polluters (SDG 13), and needs huge 

technological and environmental investments for its prosperity (SDG 9). 

However, the research shows large differences in preferences depending on the economic country conditions 

in which these companies operate. It is obvious that companies from developing economies strongly prefer 

existential SDGs that pose pressing problems for their countries, such as poverty, hunger or military conflicts, 

especially in comparison with major developed and developed economies. At the same time, the companies 

from economies in transition more often prefer developing SDGs concerning health, education, partnerships 

or responsibility. Preferences of companies from major developed and developed countries are very similar 

and they show no strong preferences compared to companies from other economies. 

Conducted research has two limitations that can negatively affect the results mentioned conclusions: (1) 

Number of companies from economies in transition is probably not statistically significant, (2) Classification of 

companies is based on HQ country, but their main business may come from countries with different economic 

conditions or some companies can operate globally. 
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Abstract 

The current business environment is characterized by the constantly changing needs and wishes of customers, 

technological progress and growing competition. A company which wants to maintain its position on the market 

must actively work to maintain and increase its competitiveness. A key method of gaining a sustainable 

competitive advantage is through effective cost management. The basic pillar of cost management is extensive 

data collection and continuous optimization of established systems through modern management methods. 

Development of the business environment has caused change in the structure of manufacturing processes 

and the scope of overhead activities, which have been reflected in an increased differentiation of overhead 

costs. The complexity of the relationships and causes of costs is becoming so significant that traditional costing 

methods do not provide sufficient information, creating the need to seek a more sophisticated costing system. 

The Activity-Based Costing method calculates costs according to activity. The principle of calculation is the 

allocation of overhead costs to individual defined activities, through which they are assigned to cost objects on 

the basis of a causal relationship between the economic resource and the cost object. The paper presents 

modern cost management tools with a focus on the Activity-Based Costing (ABC) calculation method and its 

application in the field of foundry production. The aim of the paper is to present the implementation of the ABC 

method through a case study in a selected industrial enterprise and to emphasize its further important role in 

the management of activities implemented in the enterprise and for the restructuring of company processes 

and activities. 

Keywords: Activity-based costing, cost management, calculation methods, metallurgy 

1. INTRODUCTION 

The acceleration of economic cycles and globalization of the market are placing ever-increasing pressure on 

the competitiveness of companies. Therefore, it is necessary to systematically build a competitive advantage 

in the area of cost management. Traditional costing concepts based on the relationship between cost and 

volume may not necessarily provide the right signal for resource allocation, pricing and product selection. With 

the exception of direct production costs, the traditional calculation system does not create the correct 

scheduling basis for the allocation of overhead costs. The criteria of traditional systems were satisfactory in 

the 1960s, when direct costs (labour, wages, direct overheads) were key forces in business. The instability of 

the business environment has led to changes in the structure of production output consistent with the nature 

of costs. The decrease in direct labour costs compared to the costs of production and support activities, which 

are not volume-dependent and therefore more difficult to quantify, means that serious distortions in the system 

of calculations may arise. A need arose to focus on cost developments in a broader context, and following the 

example of Japanese companies, to extend their interest and knowledge beyond the closed cost point to the 

enterprise as a whole [1]. These ideas are the conceptual basis of the Activity Based Costing (ABC) calculation 

method, which is based on the approach that the majority of the company’s normal activities exist to support 

production, marketing and delivery of the product to the customer. Adopting an accounting concept based on 

the product life cycle leads to the conclusion that all costs should be attributed to the product which generated 
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them. The method seeks to determine the true cause of costs and transforms the logical relationships between 

costs and outputs of the company into a calculation system. The ABC method originated in the 1980s in the 

United States and is associated with the names Kaplan, Cooper and Johnson. The extent to which the 

calculation concept has been used in business practice has been examined in several studies which showed 

that foreign companies use this model to a much greater extent than companies in the Czech Republic [2]. 

This paper presents the use of the modern ABC calculation method in foundry production through a case 

study. The aim of the paper is to describe the individual steps in implementation of the method in a selected 

foundry with the intention of determining the structure of a cost sheet for quantifying the costs of a cost object 

(product). 

2. FOUNDRY PRODUCTION 

Casting is a method of manufacturing parts or articles in which molten metal or other molten material is poured 

into a mould whose cavity has the shape and size of the future product. The product created by solidification 

of liquid metal in the mould is called a casting. The casting can sometimes be a finished product or part, or it 

can be machined even further [3]. We can cast the casting into a foundry mould. This form can be permanent 

or non-permanent. 

To make the mould, a model device (model and cores) is required. The device aids us in achieving the desired 

casting shapes. Castings are most often cast in non-permanent, disposable moulds (made from sandstone or 

a ceramic mixture) or in permanent moulds (metal moulds). Besides these, semi-permanent moulds also exist 

into which more than one piece can be cast, but after each casting, the mould needs certain modifications. 

When casting into non-permanent melds, a model corresponding to the outer surface of the casting, which is 

formed by its moulding and re-extraction from the moulding mixture, is required. The inner cavities of the 

casting are formed by cores, which must be made in special core boxes. Although casting into permanent 

moulds, especially for non-ferrous metals, is becoming increasingly important, casting into non-permanent, 

disposable moulds remains the predominant technology. Non-permanent moulds are made of moulding 

material and are destroyed after casting [3]. 

Moulding materials usually consist of three components: slags, binders and additives. The slag forms the basic 

skeleton of the moulding material and consists of grains larger than 0.02 mm [4]. It determines the basic 

properties of the mixture, especially compaction, breathability and chemical and thermal resistance to molten 

metal. The material most frequently used as slag is Quartz (silica - SiO2), which is the main component of 

natural sands. 

A binder is a substance or mixture of substances which forms the binder system of a moulding mixture which 

finely spreads over the individual grains of the slag and binds them together. Both organic and inorganic 

binders can be used, but physical principles such as magnetism, vacuum or freezing can also be used to bond 

the mixture. The remaining moulding materials are additives which improve certain properties. These may be 

carbonaceous substances and substances which improve the plasticity properties of the mixture. 

Carbonaceous substances (most often ground black coal) are added to bentonite moulding compounds for 

raw moulds for cast iron castings. These substances prevent the metal from penetrating between the sand 

grains and thus improve the surface of the casting. Plasticizers (glucose, lye) improve the plastic properties of 

the mixture and its breathability [3]. 

Filling of the mould cavity is provided by the inlet system, which consists of the following parts: inlet (casting) 

hole, inlet channel (pole), impact hole, slag remover, notches. Molten metal is poured into the inlet well. Its 

shape allows the reduction of metal spatter, but also the separation of slag due to the impact hole. The inlet 

channel usually has a circular cross-section. The inlet channel tapers slightly downwards to follow the shape 

of the free-falling metal stream. The slag remover distributes the liquid metal from the inlet channel to the 

individual notches and serves to catch the impurities [4]. Recently, ceramic filters have also been used to 
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improve the removal of slag and macroscopic inclusions to trap impurities. The notches connect the slag 

remover to the mould and ensure the distribution of liquid metal into the mould. 

3. THE ABC MODEL CONCEPT 

The basic philosophy of the calculation is to assign costs according to activities. To assign costs to objects, 

the method measures the actual physical performance of the activities performed. The essence of the ABC 

calculation is the allocation of indirect costs to individual activities through which they are assigned to cost 

objects based on the causal relationship between the financial source and the cost object. From  

a methodological point of view, this is a full cost calculation (the so-called absorption method), which can be 

combined with the non-absorption method [5]. The process of creating an ABC model can be divided into 

several basic stages.  

The first basic stage is the identification of activities and processes which take place in the company. The 

principle should be observed that the process is a logically consecutive sequence of activities and that each 

activity must be limited in time and materiality. In an analysis of processes, it is appropriate to create a pyramid 

structure of these processes. Each element of the basic level has its reference quantity called cost driver, 

which defines the method of conversion of costs from accounting to individual activities [6]. The basic 

precondition for success in defining the structure of activities is that it will reflect the process hierarchy of 

activities and not the functional arrangement in the company. In addition to hierarchical division, activities can 

be divided into main and supporting areas. The second strategic step of this stage is the definition of cost 

objects, which should be done consistently with the definition of activities to ensure the continuity in application 

of the ABC system. At the end of the stage, it is appropriate to create a visualization of the structure of activities 

with a representation of their interrelationships. 

In the second stage, the spent economic resource (indirect cost) is assigned to individual activities based on 

a relational cost variable called the Resource Cost Driver [7]. The aim is to quantify the costs arising from 

undertaking individual activities. As part of the cost valuation of activities, the transformation of cost items from 

the accounting records and their assignment to individual activities must be performed. This transformation 

can be performed using the so-called activity cost matrix, which captures the links between cost types and 

defined activities. The output of this matrix is quantification of the total costs of individual activities. This is 

followed by the determination of relational quantities of activities, which represent a measure of the 

performance of a given activity. The selected relational quantity should capture the causal relationship of costs 

to the performance of the activity and should be determined so that it can be quantified on the basis of data 

available within the company. The activity ratio should be measurable to determine the activity performance 

rate. The last step of this stage is calculation of the unit cost of the activity, which shows the amount of cost 

associated with the performance of one unit of the identified activity. The final stage is assignment of the costs 

of activities to the cost object, for example, performance, service, customer [5]. 

4. IMPLEMENTATION OF THE ABC METHOD IN METALLURGY  

The aim of the case study was to describe the implementation of the ABC method in foundry production. The 

study was performed at a foundry company, which is among the "small enterprises", based on the criteria for 

assessing the size of a company (according to Recommendation 2003/361/EC). The foundry’s production 

programme is focused on piece and small series production of steel castings (unalloyed, low-alloyed), flake 

graphite cast iron (FG, Grey Iron), spheroidal graphite cast iron (SG Iron) and non-ferrous metals (aluminium 

and copper alloys). Products are manufactured on the basis of customer demand. The above production 

programme implies the complexity of the relationships and causes of costs. The growth of cost differentiation 

showed that the traditional calculation method has insufficient informative value for cost allocation, and 

therefore the use of the modern ABC calculation method was proposed. Implementation of the method was 

divided into three basic phases: analysis, model creation and commencement of operation. In the first phase, 
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the reasons for implementation were defined, and the structure of the ABC model was then determined.  

A strategic model was chosen - characterized by a lesser number of activities - to which are assigned the costs 

incurred over a longer period. In the next step, an analysis of the implementation costs was performed, and 

the expected outputs of the system were defined. The second phase was creation of the model, which included 

implementation of the individual steps of creating the ABC system. In the third phase, the system was put into 

operation, and automated data acquisition and processing was addressed to ensure its complexity. Due to the 

limited scope of the paper, only the second phase is presented in the following section, which describes the 

individual steps in implementation of the ABC method in the company. 

4.1. Creation of the Model 

Prior to the commencement of work on creating the model, an adjustment of accounting data was performed. 

Adjustment of the accounting data is necessitated by the difference between the financial and managerial 

concept of costs. The general effort of the first phase of model creation is to capture the real economic nature 

of the resources consumed. In the absence of adjustments, there is a risk that the costs associated with the 

activities may be distorted to some extent. First, specific accounting costs were excluded, such as exchange 

rate differences, gifts, provisions, re-invoicing, etc. However, the system included costs which are not recorded 

in the accounts, so-called calculation costs (e.g., calculation depreciation). 

4.1.1. Definition of the Structure of the ABC System  

In the first phase of implementation, the company’s activities and cost objects were defined. The following 

criteria were decisive in the identification. The selected foundry is a small enterprise whose production 

programme focuses on piece production with a high proportion of manual labour. Wages represent the highest 

cost item. In cooperation with a consulting company, the technological process was divided into individual 

production activities represented by human labour. The aim was to map the volume of human labour devoted 

to individual activities. Based on these steps, the structure of activities was determined. Through analysis of 

the technological process, 14 primary activities were identified which mapped the basic production operations 

and human resources (e.g., core production, moulding, extrusion of castings, finishing of castings, separation 

of inlets and risers, blasting, annealing, grinding, etc.). In defining the structure of primary activities, the 

individual activities were assigned an identification numerical code and a precise description of the activity was 

specified and then applied to the new information system. The numerical code assignment system was based 

on the principles set by the software with a link to production processes and planned automation of data 

collection. The created structure of primary activities with an abbreviated description of activities is shown in 

Table 1. The next step was specification of the so-called support activities, which represent the activities 

performed to enable operation and provide the overall infrastructure of the company. Activities which were not 

assigned to primary activities were divided into related groups. Ten support activities were identified 

(e.g., purchase of materials, metallurgical preparation, technological preparation, personnel activity, economic 

activity, maintenance, etc.) in terms of their significance and cost generation. For the sake of transparency,  

a graphical visualization of the structure of assets and their interrelationships was performed. Finally, a cost 

object was identified, namely one product (casting).  

Table 1 Example of the structure of primary activities at the selected foundry  

STRUCTURE OF PRIMARY ACTIVITIES  

Centre code Activity code Activity name Description of activity 

651 F110 Core production 3165 Manual production of cores in the steel department  

675 F500 Extrusion of castings Extrusion of castings and sand from moulds  

676 F600 Finishing of castings Manual removal of sand from castings 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1307 

4.1.2. Allocation of Costs to Activities  

The next stage in creating the model was the allocation of costs to activities with the aim of quantifying the 

costs caused by the actions of individual activities. The company’s total costs are divided into direct, wage, 

variable and fixed. Direct costs are allocated to the cost object in the final phase of implementation. Wages 

and variable costs are assigned to individual primary activities, and fixed costs to support activities. Type-

sorted costs are imported from the accounting system, including analytical accounts and centres, which are 

created according to activity into a special application in the software. Using the so-called activity cost matrix, 

the costs, broken down by type, are transformed into calculation costs. Costs are allocated to activities based 

on a cost relationship called the Resource Cost Driver, in the form of direct allocation where a real relationship 

between the cost and the activity exists. For example, in the accounting, labour costs are directly attributed to 

activities using cost centres. Other representatives of the reference quantities used are units of measure, time 

analysis of work performance and quantified estimates. For example, a ratio - the number of regular employees 

and the total number of employees for an activity - is used to allocate agency worker costs. When allocating 

petty overhead material costs, a percentage allocation to activities is used. The output of this matrix is 

quantification of the total indirect costs for individual activities (Cost Pool). The activity cost matrix works with 

analytical accounts, which are further classified according to their nature into variable and labour costs due to 

the subsequent breakdown of unit costs of activities. The Activity Cost Matrix of primary activities (CPA), which 

are divided into variables (VC) and wages (LC), is shown in Table 2. The next step in this stage was to assign 

costs to support activities. The nature of these activities does not allow them to be assigned directly to cost 

objects. Their performances are not consumed by products, but by primary activities. If the causal relationship 

between the cost and the cost object is to be maintained, the costs of the support activities are allocated 

through the primary activities. The procedure was as follows. The company’s fixed costs were allocated to 

support activities on the basis of the cost ratio. Furthermore, they were quantified so that they could be 

assigned to primary activities according to the procedure described in the following chapter (see 4.1.3). The 

identified costs of support activities were allocated to primary activities using a software application, the so-

called activity cost matrix. For example, depreciation of assets based on the company’s decision was not 

assigned directly to the primary activities, but not until this stage, through support activities. The costs of 

support activities were allocated according to the time consumption (relative quantity of the minute) on the 

principle of the Time-Driven Activity Based Costing method [8]. The activity cost matrix captures the allocation 

of primary activity costs (CPA) broken down into variable costs (VC) and labour costs (LC), and for individual 

activities, support activity costs (CSA), see Table 2. 

Table 2 Example of Activity Cost Matrix (in CZK thousands)  

ACTIVITY COST MATRIX  

Activity code Activity name 
CPA 

CSA Total 
VC LC 

F110 Core production 3165 209 792 86 1,087 

F500 Extrusion of castings 80 793 48 921 

F600 Finishing of castings 89 428 42 559 

  Total 378 2,013 176 2,567 

4.1.3. Definition of Relationship Quantities and Calculation of Unit Costs for Activities  

The costs allocated to the individual activities (see chapter 4.1.2) are then allocated to the individual cost 

objects (castings). For these purposes, the performance of the activities should be measured and the 

relationship between the costs of the activity and the cost object should be expressed using these measures. 

For this purpose, the relational quantity of the activity is used, called Activity Cost Drivers (ACD). It represents 
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certain causal factors which cause a change in the cost of the activity and a measure by which the performance 

of the activity is measured. For ACD measurement purposes, this should be quantifiable. In cooperation with 

the consulting company and the company’s technical staff, the relationship quantities were determined for 

primary and secondary activities. In the case of 11 primary activities, a time quantity (minute) was determined, 

for example, for manual forming, core production, extrusion of castings, finishing of castings, separation of 

inlets and risers, grinding, etc. Other reference quantities were, for example, gross weight (annealing activity) 

or raw weight (blasting, melting activity). Furthermore, quantification of the number of consumed units of 

performance of individual activities was performed. To determine the number of units, standardization of time 

consumption was performed for all operations. A combination of different standardization methods was used, 

for example, the working day period, the analytical chronometric method, summary comparison method, 

statistical method, MTM / MOST principle method, etc. Multiple regression analysis of empirically obtained 

data was also performed to generate formulas for automated standardization. Based on the quantification of 

ACD, the degree of performance of individual activities was determined, called the Activity Recovery Rate 

(ARR). The unit cost of activities, the Activity Primary Rate (APR), was calculated, and the amount of costs 

per unit of the given activity was thus obtained. We determine APR as a proportion of total costs (Cost Pool) 

and ARR. Information about the amount of unit costs of activities is an operational tool for analysing the 

efficiency of the services performed. The APR for secondary activities was calculated in the same manner to 

obtain the secondary unit cost of activities (SAPR). Based on the procedure described above, the primary unit 

costs of activity (PAPR) were obtained. Due to the division of the total costs of primary activities into variable 

and wage costs, the primary unit variable costs of activities (PVAPR) and the primary unit wage costs of 

activities (PLAPR) were determined. The company uses all unit costs PVAPR, PLAPR, SAPR in allocating the 

costs of individual activities (processes) for casting; the sum of the total unit costs (APR) were obtained and 

are listed in Table 3. 

Table 3 Example of calculation of total unit costs of activities (APR) in CZK/minute 

UNIT COSTS OF ACTIVITIES (APR) CZK/min 

Activity code Activity name 
PAPR 

SAPR APR 
PVAPR PLAPR 

F110 Core production 3165 1.48 5.59 0.63 7.70 

F500 Extrusion of castings 0.81 3.37 0.15 4.33 

F600 Finishing of castings 0.25 4.02 0.05 4.32 

4.1.4. Allocation of activity costs to cost objects 

The allocation of activity costs to cost objects is the final stage of overhead cost allocation to the product. The 

purpose is to quantify how many units of activity a certain product has consumed. We determine the total 

overhead costs of the casting based on the product of the consumed number of activity units and unit costs. 

The company has determined which activities each casting consumes, and further identifies criteria (according 

to standards, technological procedures, technical data), which automatically quantify the consumption of units 

of activities (min, kg, pcs). At the same time, the unit costs of activities are introduced in the system. Based on 

this data, the system automatically generates detailed structured overhead costs, which are assigned to 

specific castings. 

5. PRODUCT CALCULATION SHEET 

The aim of implementing the ABC method was to create a new calculation system, and the desired result was 

to design a calculation sheet for the product (casting). ABC is a full cost calculation. Chapter 4 describes the 

procedure for allocating overhead costs (activity costs) to products. To obtain the full cost of the products, the 
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calculation included direct costs and non-allocable costs, for example, costs of advertising activities in the form 

of a percentage surcharge. The proposed calculation sheet is shown in Table 4, in abbreviated form. It shows 

the calculation of the total actual costs per unit of casting. Individual types of costs were calculated as the 

product of the number of units consumed (ARR) and the total unit cost (TUC), which is divided into direct unit 

cost (UDC) and unit activity costs (PVAPR, PLAPR, SAPR). The calculation sheet, including input source data, 

was implemented in the system. A calculation sheet is generated automatically, based on the input technical 

parameters of the product entered. In comparing the cost calculation according to the new ABC method and 

the original mark-up methods, significant differences in the allocation of overhead costs to individual castings 

were demonstrated. 

Table 4 An example of a cast calculation sheet in abbreviated form (in CZK) 

CAST (1 unit) ARR ACD TUC UDC PVAPR PLAPR SAPR Total 

Direct costs Material …... 18.50 kg      9.40  9.40          173.9 

Costs of activities 

F110 Manufacturing of cores  23.20 min      7.70         1.48       5.59       0.63  178.6 

F500 Hammering of castings 16.80 min      4.33         0.81       3.37       0.15  72.7 

F600 Finishing of castings 12.83 min      4.32         0.25       4.02       0.05  55.4 

Total direct costs + activity costs 480.6 

  management (marketing) 7.0 %   33.6 

Total costs 514.2 

CONCLUSION 

The foundry industry can be characterized as a high capital intensity field which allocates a large amount of 

funds to technology, technical equipment and environmental safety processes. This raises the need for 

effective cost management using modern methods. The change in the cost structure and the growing 

differentiation of overhead costs have shown the shortcomings of traditional calculation methods. Their 

concept based on the relationship between costs and volume does not create a correct scheduling basis for 

the allocation of overhead costs. The ABC calculation method provided a solution to this problem. The 

relationship between cost and performance is no longer formed on a distortive scheduling base but according 

to actual activities undertaken to create output. Domestic companies make use of the calculation concept in 

business practice at a much lower rate than foreign companies. The aim of the paper was to describe the 

application of the ABC method in foundry production. The set goal was achieved by presenting the individual 

implementation steps of the method and creating a cost sheet for quantifying the costs of the cost object. In 

conclusion, it should be emphasized that the method provided a wide range of information which can be used 

in managing business activities and restructuring business processes and activities. 
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Abstract  

The article is focused on the recognition and localization of numbers on steel billets. Serial numbers are 

embossed to each billet. Our automated solution allows product identification without human interaction. There 

are several problems caused by embossing to the hot steel. First, the numbers are not clearly visible. There is 

a lot of noise around the serial number which causes shadows and reflections. Next, the surface of the billet 

is rough with grooves and ridges. These issues affect object detection. As a part of the 4th Industrial Revolution, 

artificial intelligence and neural networks are used to automate production. Object recognition identifies which 

numbers are presented in the image. Another problem occurs when the serial number is located anywhere on 

the billet surface. The aim is to detect multiple objects in the scene using a single neural network. Our proposed 

solution is based on an extremely fast and accurate model from a class of deep learning algorithms. To localize 

and identify individual numbers, the You Only Look Once (YOLO) algorithm is implemented. It predicts 

bounding boxes and assigns classes from category 0 - 9. The approach is fully automatic and detects 

embossed numbers in real time. A custom dataset and annotations for train the model is created. Due to the 

lack of training images, data augmentation is used to extend a dataset by increasing the amount of data.  

Keywords: Artificial intelligence, recognition of embossed numbers, object detection, YOLO 

1. INTRODUCTION 

Object recognition and detection are fundamental techniques of computer vision. They allow the computer to 

classify objects and estimate their position in the image. It is used for autonomous driving or bin picking, where 

the robot moves with the components using a 3D camera. The benefits of computer vision are encountered in 

our daily lives. In industry, factories have automated production based on image processing. The machine 

vision solution detects components and controls the shape, dimensions, and surface of products. In healthcare, 

it helps doctors identify tissues, organs and bones and reconstruct 3D model of the human body. In agriculture, 

the quality of food is controlled. Computer vision is also focused on number detection and recognition. For 

example, identification vehicles according to their license plates. This technology is already implemented in 

traffic and safety applications. This task is challenging due to changes in weather, daily changes, the speed of 

cars and the different shape of the plate. The second task is to recognize house numbers. Google Street View 

creates a map by recognizing multi-digit numbers in photos taken with a 360° panoramic camera. Handwritten 

digits from documents such as phone numbers or important data can also be read and identified. In the 

industry, each component has a serial number, and each product has an expiration date. All of the above have 

several things in common. First, the entire numeric sequence is localized in the image. Furthermore, the 

individual numbers are separated and recognized. Approaches and solutions to solve these tasks are 

described in the following chapter. 

This article presents an approach to the detection and recognition of embossed numbers. Our solution is real 

time and fully automatic. The previous requirements are necessary in many computer vision applications. In 

the industry, each product has a unique identification number. For example, serial number, expiration date on 
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food and medicine, digits on tires and electronic components. Usually, these sequences of numbers are 

controlled by human workers. This process is time consuming and usually leads to inattention mistakes. The 

problem is fast and continuous production in many industrial factories. The production lines are in operation 

24/7. Workers cannot concentrate on a huge number of digits. The solution is machine vision. The camera is 

usually placed above the production line and takes pictures of the product. In our case, the camera captures 

a steel billet. The software then reads and identifies the embossed numbers. The whole process is automated. 

Its advantage is lower error rate and faster production. 

2. RELATED WORKS 

Earlier, discriminative classifiers were used to recognize digits. In [1], Support Vector Machine recognizes 

handwritten numbers. Although the results are satisfactory, these methods are not resistant to illumination 

changes. Therefore, hybrid methods based on the CNN-SVM model were then developed [2]. They use CNN 

to extract features and SVM as a classifier. These days, convolutional neural networks represent state-of-the-

art approach to number recognition [3]. These CNNs are trained on hundreds or thousands of samples and 

achieve impressive results. Typically, only one unknown number is presented in the image. This image is sent 

as input to CNN. The output is a class prediction.  

Objects can be detected using the above methods only if the numbers still have the same position in the image 

and each sample contains only one digit. The problem occurs when the serial numbers are located anywhere 

on the surface of billet. Recognition is not enough at this point. The number must first be localized by using 

object detection methods. Binary or morphological operations can be used to separate individual numbers. 

However, this approach is not appropriate in our case. The surface of the billet is rough and contains shadows 

and reflections that influence the detection result. The main advantages of neural networks are noise 

resistance and illumination resistance. Neural networks have many types of architectures for object detection. 

The most famous detectors are Fast R-CNN (Fast Region-Based Convolutional Network), SSD (Single Shot 

Detector) and YOLO (You Only Look Once). Compared to SSD, YOLO looks to the image only once and 

computes a feature map. Also, YOLO is faster and more robust with higher accuracy. [4] Based on this survey, 

it was decided to implement YOLO as our object detector to localize and classify embossed numbers. 

3. YOU ONLY LOOK ONCE 

You Only Look Once, a real-time object detector, was introduced in 2016 by Joseph Redmon [5]. He came up 

with a completely new approach. YOLO is a single neural network that predicts bounding boxes to estimate 

location and class probabilities. However, the algorithm is extremely fast, it is also very accurate. Only one 

pass forward through the network is applied to the entire image. YOLO has several modified architectures. 

Our solution is based on YOLOv3. [6] 

 

Figure 1 YOLOv3 architecture 
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The YOLO implementation consists of the following steps. First, the YOLO architecture is based on 

convolutional and classification parts. The model used to detect embossed numbers is shown in Figure°1. 

There convolutional layers are shown, followed by pooling layers. To reduce the dimensions of filtered images 

after convolution, the maximum pooling method is used. At the end of the convolution part is an operation 

called flattening. The result of the flattening is a one-dimensional vector. Each pixel of the image is converted 

to one neuron. These neurons form the input layer which servers as input to the classification part of neural 

networks. There is a dense or fully connected layer which connects neurons from one layer to another. In our 

case, the output layer has ten neurons. Each neuron represents an embossed class of numbers 0 - 9.  

YOLO divides the input image into a grid � � �. Each cell predicts a � number of bounding boxes. In our case, 

the parameters are set to � � 13 and � � 5. Each cell is responsible for objects whose centers belong to a 

particular grid cell. Each bounding box is estimated by a vector: 

� � {�U , �� , �% , �Q, �+ , g
~� 

The �U is an object parameter which takes only two values. If there is an object presented �U � 1. Otherwise,  

 �U � 0. The parameters ��, �% represent the center of the bounding box. The �Q, �+ represent the height and 

width of the bounding box, respectively. The g
 parameter tells whether there is an object of a particular class 

in the bounding box. The parameter h represents the number of classes. In our case, h � 10. Then g is for 

class one, g� is for class two, g3 is for class three etc. If the bounding box captures a number from classes 0 - 

9, the particular g
 is set to one. Otherwise, g
 is set to zero. An example of an input image and vectors is 

shown in Figure 2. As can be seen, the grid divides an image into cells. The cells marked in orange and green 

contain and object. The rest of the cells are empty. Such a cell is marked in purple color. Then each vector 

describes the relevant cell. The connection of all vectors is represented in the tensor. [7,8]  

 

 

 

 

Figure 1 On the left is the input image divided by a 3x3 grid. Cells that are marked in orange and green 

capture the object. On the other hand, the cell marked in purple does not contain any object. In the middle of 

the image, vectors are shown that describe the objects in the cells and their bounding boxes. These vectors 

form the output tensor of the YOLO architecture which is shown on the right. 

Typically, there are multiple overlapping objects in the scene. But each grid cell is responsible for one object. 

The problem occurs when a cell contains more than one center points of two different objects. This means that 

the cell should be responsible for at least two objects. The technique that solves this problem is called anchor 

boxes. Anchor boxes allow a single grid cell to store information about multiple objects. To simplify the solution, 

the grid cell vector that defines multiple objects will be longer. 
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Anchor boxes have a defined width and height. This is because some objects are taller, such as pedestrians. 

Otherwise, some objects are wider, such as cars. YOLO tries to find objects that match these parameters. For 

example, if dimensions are defined for nine anchor boxes, each grid cell will predict nine anchor boxes. In the 

above case, when the image is divided by a grid 3 � 3, the total number of predictions is 3 � 3 � 9. The total 

number of anchor boxes is 81 per image. Typically, most of the predicted anchor boxes has a low probability 

value. Non-maximum suppression is used to get rid of these unnecessary predictions. In the first step, all 

predictions with probability values lower than the specified threshold are removed. In the second step, the 

Intersection over Union (IOU) is used to find the best fit detections. [9,10] 

4. EXPERIMENTAL PART 

The numbers are embossed on a steel billet. It causes problems with visibility and subsequent reading. Parts 

of the embossed numbers are missing or overlapping. As can be seen in Figure 3, the background is different 

for each image. There are grooves and ridges. The result is influenced by noise and shadows.  

4.1. Dataset 

Embossed numbers are different compared to handwritten digits. That is why a custom dataset was created. 

To train the network, images representing the numbers 0 - 9 were used. To create the dataset, the individual 

embossed numbers were manually labeled. This was made from real images. These images were captured 

with an industrial camera. The camera is placed above the production line. Due to the lack of training images, 

data augmentation is used. This technique extends the dataset with image transformation operations such as 

rotation, width and height shifting, changing the zoom, intensity and flipping. CNN can learn from several 

examples. Image data generation is used only for training dataset, not for validation or testing.  

 

Figure 2 Example of dataset of embossed numbers 

4.2. Training part 

In our case, the YOLO architecture can be described as follows. The input images have a size of 416 � 416 

and the number of channels is 3. It works with RGB images. The parameters are set to � � 13, � � 9 and h �
10. Then the vector  � � 15. The pipeline below (1) shows the process of the YOLO algorithm. The parameter 

� represents the number of samples. The samples pass through a deep neural network. The output is a 

specific number of bounding boxes for each cell. The number of predictions after the first pass is 13 � 13 � 9 �
1521 boxes. The boxes are reduced to keep only a few interesting of them. 

 �du�8��, 416,416,3� → ��i� �tt → 8t����t���, 13,13,9,15�        �1�

Technologies such as GPU, CUDA, cuDNN (Cuda Deep Neural Network Library), OpenCV and OpenMP are 

enabled before the start of the training. Embossed number recognition was trained on graphical card NVIDIA 

GeForce MTX250 with CUDA version 11.2. The initial weight file called 7	�"h��53. g�h�. 74 was used to train 

custom data. The output file �����3. ��esℎ�W is then used for detection. Next, the parameters for training the 

network were set in configuration file �����3. gYs as follows. The dimensions of the images are 416, 416. The 

number of classes is set to 10. The 	hgℎ��W take the following values - 19. 37, 25.41, 33. 55, 37. 56, 42. 64,
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40, 70, 46.74, 54.85, 86, 135. The number of filters is computed according to the formula  Ye����W �
�g�	WW�W � 5� ∗ 3. The total training time of the network with the above parameters for 2000 iterations was 

approximately 12 hours. 

5. RESULTS 

The resulting YOLO detection is shown in Figure 4. Each embossed number is marked by a bounding box. 

The colors of the bounding boxes represent different classes. In addition to the bounding box, the result 

includes the class name and the probability value. 

 

Figure 4 Detection of embossed numbers 

The classification identifies the object. On the other hand, localization predicts the coordinates of the bounding 

box around the detected object. When evaluating our model, the coordinates of the predicted bounding box 

must be compared with ground truth. A measure technique called mean Average Precision (mAP) is used to 

evaluate object detection algorithms. In other words, mAP is the average of precisions where precisions 

represent how accurate our prediction is. Equation is presented in (2). It compares the intersection of our 

prediction with the ground truth. This technique is called Intersection over Union (IoU). If the intersection is 

greater than the threshold, the prediction is True Positive (TP). Otherwise, it is False Positive (FP) detection.  

 ���geWe�h �  x/� x � Sx� �2� 

As can be seen in Figure 5. The red line 

represents the metric mAP used to measure the 

performance of our model. The mAP function 

achieves 100 % at the end of training. The blue 

line represents the loss function. You can see a 

loss graph during training. Finally, the loss of the 

YOLOv3 model is about 0.1880. 

 

 

 

 

 

 

Figure 5 Chart of YOLO prediction 
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6. CONCLUSION 

In this paper, an approach to the detection and recognition of embossed numbers in steel billets was proposed. 

This method detects the number in real time and is fully automatic. The result is the recognition and pose 

estimation of numbers. Recognizing embossed numbers was quite a challenging task. The scene is influenced 

by ridges, grooves and shadows which is caused by embossing into the steel material. The numbers are 

sometimes incomplete and difficult to see even with the human eye. The solution is based on the state-of-the-

art method of deep learning called YOLO (You Only Look Once). The advantage of YOLO is accuracy and 

speed. In contrast with other convolutional neural networks, YOLO sees each image only once. The YOLOv3 

architecture was also described in this article. Then the experimental part summarizes the parameters of 

YOLOv3. Appropriate setting of the parameters is crucial for high detection accuracy. The custom dataset was 

created for training, testing and validation of the model. The mean Average Precision (mAP) achieves almost 

100 % after a thousand iterations. The trained model can successfully detect and recognize embossed 

numbers and will be used as part of a machine vision solution. 
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Abstract 

The need to innovate in a difficult economic situation has become particularly important in recent years and 

has attracted the attention of many industrial economists. The cooperation of companies in networks and 

clusters has been recognized as a catalyst for accelerating industrial transformation for the development of 

new regional competitive advantages, accelerating the creation of companies and jobs. A large number of 

modern studies on the grouping of industrial enterprises and universities strongly recommend the use of this 

type of business combination to gain a number of advantages: better access to suppliers, innovation and 

competitiveness. Recently, however, more and more researchers are conducting a deeper analysis of the 

effectiveness of cluster companies and identifying a number of shortcomings. This suggests that the current 

most common model of university-type unification, namely the innovation cluster, is underdeveloped and 

requires transformation. Based on the study of this area of knowledge, it was concluded that emphasis should 

be placed on developing model and organizational aspects of fusion, as this is an obstacle for many clusters. 

In this article, an architectural model of a new type of university industry type cluster was developed, which 

contains elements of system analysis and logistic modeling. The effectiveness of innovation will be assessed 

on the example of associations of universities and industry with the participation of Czech and Russian 

partners. 

Keywords: Clustering, modeling of management processes in industry, university-industry cluster, cluster 

management 

1. INTRODUCTION 

The accumulated knowledge and potential for innovation of higher education institutions has significant 

importance in the growing role of intellectual capital in the development of economies [1]. This raises the 

urgency in expanding the role of universities and research organizations in trade associations and clusters. 

However, the current state of innovative development in many industrial areas has experienced significant 

complications under the pandemic and the resultant economic crisis. Intensification of international activity, 

creation and dissemination of knowledge and the synergistic effects of interaction between organizations may 

all contribute to a solution. Moreover, there is a growing general trend around the world in strengthening the 

role of economic cooperation. According to the World Bank’s 2020 forecast, global gross domestic product 

(GDP) is expected to decline significantly in 2020 as a result of the COVID-19 pandemic [2,3]. World trade is 
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also expected to decline by more than 13 % in 2020 [3]. Experts are analyzing these changes, which are 

simultaneously affecting logistics processes in business and sparking certain trends to improve the situation. 

These include, for example, development of collaboration and pooling of services; implementation of the latest 

IT technologies; development of services and partnership agreements; and formulation of strategies and anti-

crisis plans within companies. These trends emphasize the need to analyze the advantages and 

disadvantages of existing systems of collaboration for the development of new and more efficient models of 

innovative clusters. Therefore, in the discussion of streamlining associated functioning and the proposal of 

new models of functioning and finding partners, we should observe numerous factors, perform thorough 

analyses and evaluations, create forecasts and assess risks. 

Over the past fifty years, clustering, synergies and joint efforts in business have been a much-discussed topic 

in economic circles. From Porter to modern investigations, researchers have sought to demonstrate the 

efficiency and benefits of clusters, including improved access to suppliers and other limited resources, 

excellent knowledge and innovation, better opportunities, social networking capabilities, and competitiveness 

[5,6]. Recently, the role and position of universities in industrial clusters has received attention. Many authors 

[5,7] believe that universities “open the door” to the world of international cooperation and partners and 

provides an irreplaceable research base. Also under discussion are the conditions for the creation of 

associations, such as first-rate, efficient organizational structures, coordination and information networks, 

stimulation of interaction, and issues of size and distribution of resources [7]. Some analyses of the conceptual 

gaps in cluster theory point to the inefficiency of large corporations’ participation in clusters and argue that it is 

only beneficial to small businesses with the help of large partners [7]. 

Traditional methods of cluster model development include classic methods such as static analysis and 

structural design (SA/SD), IDEF methodology, and SADT methodology [9]. For greater effectiveness in the 

development of new architecture for innovative university-type cluster models, the tools of the IDEF0 

methodology can be applied, allowing a more comprehensible and clear description of these architectural 

models. To solve problems in business process modelling, the Ramus Education software, which is a version 

of MS AllFusion, can be applied [10]. Ramus Education allows you to visually present any activity or structure 

in the form of a model which optimizes the work of an organization, designs the organizational structure, 

reduces costs, eliminates unnecessary operations and increases flexibility and efficiency. Ramus Education 

supports two methodologies: IDEF0 and DFD. It should be noted that any information system, regardless of 

the methodology in which it is modelled, cannot exist without computer support and a clear repository of 

information. Since the planned architecture is very complex, use of the most advanced data warehouse-the 

OLAP "cube" system-is proposed. This system can aid in the practical and technical application of a structural 

matrix system suitable for the creation of such networks and is described in more detail in [11]. The OLAP user 

obtains a natural, intuitive data model by arranging it in the form of multidimensional cubes. OLAP uses a 

multidimensional view of aggregated data for quick access and analysis of important information. OLAP 

systems provide analysts and managers with fast, consistent and interactive access to the internal data 

structure and the ability to transform source data to reflect the system’s structure in the manner the user 

requires it. OLAP systems also allow viewing of data and the identification of patterns either visually or through 

simple methods (such as linear regression). The inclusion of neural network methods in its arsenal provides a 

significant extension of analytical capabilities [12]. 

The paper presents the results of a study aimed at analyzing the strengths and weaknesses of existing 

university-industry type clusters and developing its own model for improving cluster structures with the 

participation of universities and companies involved in the metallurgical industry. The study also proposes a 

new architectural model which contains elements of system analysis and logistic modelling for a university-

type cluster in the metallurgical industry. The effectiveness of this innovation was assessed on an association 

of universities and industry with the participation of Czech and Russian partners. The focus of research is the 

field of metallurgy and related industries. 
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2. EXPERIMENTAL PART 

The team of authors analyzed the information available regarding modern “university-industry-type” innovation 

clusters. Their analysis showed that the main weaknesses of existing modern innovation clusters of this type 

are mainly insufficient coordination structure and multilevel decision-making. This in turn raises other risks, 

such as the loss of meaning and interest for some partners in the cluster, which adversely affects the 

effectiveness of the entire cluster. 

Building on the results of the analysis, the author team modelled an “industry-university-type” cluster (university 

cluster) which takes into account and attempts to eliminate the identified shortcomings. The links between 

Czech and Russian partners involved in the metallurgical industry were selected for analysis and are described 

in more detail in papers [1,11]. These papers present the outcomes of the planned project whose aim was the 

analysis of potential cooperation between the selected parties:  Chotkovo enterprise which produces innovative 

paints and varnishes, the Dmitry Mendeleev University of Chemical Technology of Russia (MUCTR) and a 

RUSSIAN HELICOPTERS holding. The project also sought the reduction of costs in the development of 

innovative technology for the industrial electrolysis processes applied in the Russian Federation. To provide 

an international dimension in the newly designed cluster, VŠB-TUO was included.  

To eliminate the identified shortcomings, a new coordination article in the form of a "coordination center" was 

introduced in the already existing cluster of the industry-university type. The list of key tasks which the 

coordination center and its basic architectural structure must fulfil is shown in Figure 1.  

 

Figure 1 Architecture of the range of tasks of the coordination center [author’s own elaboration] 
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Where:  

1 - actions for the coordination and selection of tasks related to the development or improvement of 

technologies; 

2 - activities related to the recruitment and selection of qualified staff and professionals; 

3 - actions related to fundraising and the simplification of purchasing procedures within the association; 

4 - coordination of innovative projects. 

To avoid errors during the management of such a complex multitasking system, its structural architecture must 

be crafted with care. This was done using simulation tools. The design of workflow modelling through Ramus 

computer software with the application on the IDEF0 methodology for a newly designed cluster is shown in 

Figure 2. 

 

Figure 2 Design of the architecture for a new coordination center in an industry-university type cluster using 

the IDEF0 methodology [author’s own elaboration] 

An important component which allows the solution of key coordination problems and information gaps to be 

addressed is the design of the database. For a more efficient design of the “university-industry” cluster model, 

the SAP system for the management of logistics and business purchasing processes was used in combination 

with the OLAP system, which serves as a repository of information and allows the assignment of tasks between 

individual participants. As a result of layering the “cube” repository, information from structural matrices can 

be stored on the “face” area, and the remainder can be used for information related to activities, tasks and 

individual subjects (Figure 3). At the top edge of the cube, we observe the following parameters during the 

selection process: the participant’s ability to complete the task (green - definitely yes, yellow - partially 

possible), innovative potential, and the number of people required. The necessary data can be added based 

on the available data from the individual participants in the cluster (the arrow indicates data is loading). The 

third area and the contents inside the cube contain additional data. As a result, in the first phase of decision-
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making for optimal task assignment, the most suitable individual participants for the task may be found quickly. 

The cube can be infinitely expanded, changed and given additions as internal and external factors change. 

 

Figure 3 Example of an OLAP cube-type repository for solving tasks within the proposed cluster 

Results and discussion  

The newly designed cluster architecture -“Chotkovo Enterprise for the Production of Innovative Paints and 

Varnishes, VŠB-TUO, MUCTR and a RUSSIAN HELICOPTERS holding”-in combination with the introduction 

of a newly designed “coordination center” should lead to a reduction of information and logistics losses in 

production within the cluster. The amount of information and logistical losses of production can be determined 

according to the following relationships: 

�iix � �� � �11&� ∗ � � �x11& � x� ∗ � � �x11& �  �11&� ∗ ��11& � ��                                                           (1) 

or 

�iix � �x11& � �11&� ∗  �11& � �x � �� ∗ �                                                                    (2) 

where: 

ILLP - data and logical production losses 

C - actual production costs per unit  

Ciit - actual production cost per unit which could be achieved with ideal information technologies 

Q - actual quantity of products produced 

Qiit - quantity of products which could be produced with ideal information technologies  

P - true unit price of the product 

Piit - product unit price which could be achieved with ideal information technologies 

The amount of information and logical losses of production in the newly designed cluster was calculated 

according to relation 2, based on the available documents from the accounting and operational records of 

production at the Chotkovo company. 

�ixx � �7.17 � 4.62� ∗ 464573.22 � �7.17 � 5.43� ∗ 464573.22 � 376 304.3 

3332070.59 � 100 % 

376304.3 ∗ 100
3332070.59 � 11.26 % 
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Calculations show that information and logical production losses from inefficient information and logistics flows 

amounted to 11.2 % of sales. The calculations compared the values of the original cluster and the newly 

designed cluster with the inclusion of a “coordination center” which coordinates all activities and optimizes all 

processes within the cluster. 

3. CONCLUSION  

Thus, the key to creating an improved, cluster-type unification model of the university and industrial sectors is 

to create a well-designed architecture which not only optimizes management processes, tunes algorithms and 

manages and coordinates information flows but also significantly reduces information loss in the enterprise. 

Because of its autonomy, this kind of structure does not raise any doubts regarding objectivity. The center, in 

turn, will be able to coordinate the tasks of different disciplines and directions. 

This paper proposes a methodology which can be used to break down internal processes and automate them 

as much as possible through the use of algorithms. The information storage option proposed in the paper also 

optimizes the process and automatically processes huge amounts of data for quick retrieval by people 

performing tasks. 

The new modelling will take clusters to a new level, make them more convenient, eliminate weaknesses and 

reinforce strengths. Given the current economic situation, this will then have a positive impact on the country’s 

economy. 
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Abstract 

Within the framework of this work, a typical technology with subsequent assessment of the quality of production 

processes of titanium alloy powder and products made from it was evaluated. A comprehensive analysis of 

the production process was carried out from the production of a metal billet to the creation of a powder material 

and the formation of the final product. The processes was identified to improve to simplify the operation of the 

system and reduce cost.  

The main difficulties (frequent problems) that are regularly encountered by both the manufacturer and the 

consumer of products of additive technology and powder metallurgy are described. Analyzing the standard 

technology, we can say that it is necessary to improve the water circulation system in the enterprise, improve 

the system of waste collection and disposal, as well as develop a simplified algorithm for finding and selecting 

equipment in this industry. The measures to simplification production processes are presented in this article. 

These are beneficial changes from an economic point of view. And they are also environmentally friendly 

methods of optimizing production, since the work describes the use of natural resources and methods of 

secondary processing with minimal utilization disposal. 

Keywords: Additive technologies, powder metallurgy, optimization 

1. INTRODUCTION 

Growth in industrial production is continuously accelerating. The metallurgical industry is no exception and 

occupies a leading position in the development of “Industry 4.0”. As new metallurgical technologies appear on 

the market, we can observe a departure from traditional metallurgical processes. These technologies include 

powder metallurgy processes [1]. Innovation in this area is helping to drive the creation of products with 

complex configurations [2]. The demand for additive production and therefore also materials obtained in the 

process of powder metallurgy is growing every year. According to data for 2019, demand in Europe for 

machinery used in these technologies has increased by 36 % [3]. It is therefore important to remain up to date 

on new scientific and technical solutions which appear in this segment of industry every year. Analyses have 

highlighted the problems existing in the water circulation systems of companies and the need to improve 

systems of waste collection and disposal during powder metallurgy processes. The paper proposes measures 

for optimizing the algorithm applied to innovative water turnover processes, material processing and quality 

evaluation. These are proposals for changes which could have a significant effect on the costs related to 

powder metallurgy processes. 
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2. METHODOLOGICAL BASES 

For a full and high-quality analysis of the basic issues of additive production, it is first necessary to study and 

characterize in detail the individual phases of the technological chain of acquisition and application of materials. 

The algorithm for multiple products with complex configurations is a group of processes which include 

traditional processes of melting semi-finished metal products, developing and obtaining the chemical 

composition of materials, and the combination of powders and their subsequent formation into finished 

products [4]. The use of titanium powder-based alloys has become widespread. The choice of material is 

primarily influenced by its extremely high operating properties (strength), low weight (lightness) and a high 

degree of resistance to corrosion. The chemical composition of alloys in the production of various products is 

determined by the conditions the alloy is used under, the geometry and assignment of the part, and reliability 

and durability requirements. The main methods of powder production include PREP (Plasma Rotating 

Electrode Process) [5], EIGA (European Inert Gas Atomization), VIGA (Vacuum Inert Gas Atomization), gas 

or centrifugal spraying, and water atomization. The properties of the powder depend directly on the quality of 

the original metal ingot/rod produced in traditional metallurgical processes. The key requirements in the original 

raw material are surface uniformity and its chemical composition. The current main industrial method of 

production of titanium alloys is triple vacuum arc remelting [6]. The basis of the most common production 

technology for metal powders (80 % of the total production of powders) for the needs of the additive industry 

is the melt dispersion method. The main advantages of this method are high performance, preservation of the 

chemical composition in the semi-product-powder phase, and the possibility of using multiple powders and 

their geometric properties (we aim for a spherical shape). The main production technologies for these powders 

are gas and centrifugal atomization [2]. 

The analytical study investigated the current system of powder metallurgy and use of powders in engineering 

production. 

The following areas of powder metallurgy processes were identified for improvement: 

1) Water turnover system in production. 

2) System of capture and recovery of production waste. 

3) Development of an algorithm to identify and select equipment to expand or modernize production. 

3. EXPERIMENTAL PART 

3.1. Improvement of the water turnover system in production  

Powder metallurgy processes involve the consumption of significant volumes of fresh water, primarily for 

cooling technological equipment (spraying equipment, etc.) and cleaning dusty waste gases, but include the 

consumption of very pure water for water atomization in metal powder production facilities. The process of 

producing powders using plasma heating is carried out at extremely high temperatures (above +1168 °C), and 

therefore a large quantity of cooling water is required. To minimize the effects of salts and corrosion, water for 

production use must undergo multi-stage treatment and have a minimum salt content [7]. The primary sources 

of industrial water supply to plants are via centralized water mains or from artesian wells. Water supplied for 

cooling remains practically untreated and is discharged into the sewer system. High iron content (corrosion) 

and salt stiffness (lime scale) can lead to damage to technological equipment. Metal losses due to corrosion 

can reach 12 % by weight [8], and according to the average assessments of damage due to corrosion, accident 

or equipment failure (repairs), a company’s combined costs may reach approximately 3.1 - 4.4 % of profits. 

Similar problems concerning wastewater generation are associated with gas purification processes. Water 

from wastewater treatment plants is used only once and drained to the sewer without appropriate treatment. 

The only true solution aimed at optimizing production is the introduction of water preparation technology for 

thermal engineering needs (primary treatment and release), and organization of the cycle of water treatment 
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and wastewater turnover from waste gas cleaning equipment. This then creates a closed water management 

system. The analyses performed at selected companies in Russia revealed that the application of (coagulation) 

treatment using reactants in these processes can reduce water consumption at their facilities by approximately 

5 – 10 %. Therefore, a reduction in the consumption of fresh water and the volume of wastewater generated 

by powder metallurgy processes would have beneficial economic effects. Another possible direction for 

Improvement is streamlining the system of collection and use of atmospheric precipitation. The chemical 

composition of atmospheric precipitation is given in Table 1. 

Table 1 Chemical composition of atmospheric precipitation 

Indicator 
Unit of 

measure 

Atmospheric precipitation 

Tap water 

Maximum 
threshold value 
(requested by 

manufacturers) 
Spring-
Summer 

Autumn-
Winter 

Stiffness mg-EQ. / l 0.2 0.22 6.0 - 7.0 1 

Total mineralization Mg / l 40.13 21.92 500 - 700 400 

Substances in suspension Mg / l 1.92 1.51 0.9 - 1.4 1.5 

Precipitation data for the year in the Moscow region is given in Figure 1. 

 

Figure 1 Precipitation during the monitored period in the Moscow region 

From the data in Table 1, we can observe that compared to tap water, atmospheric precipitation requires 

virtually no treatment and can be used for cooling purposes after conventional mechanical filtration. The 

documentation of selected companies in the Moscow region showed that medium-sized companies have 

closed water turnovers of around 600 m3 per month. Was performed various calculations working with different 

types of water usage (ratio of rainwater/well water/tap water) and found that replacement of a volume of 400 

m3 per month of tap water with rainwater would result in a reduction of water consumption costs in the powder 

metallurgy process by 60 - 66 % on average (average of EUR 100 per month). 

3.2. System of capture and recovery of production waste 

In general, additive technology is considered waste-free production, but a detailed examination revealed some 

nuances. In the process of centrifugal or gas spraying, the metallic degree of use of the original raw material 

(rods, wires, ingots) never achieves 100 %. The undissolved part (ogarok) makes up 20 - 30 % of the original 

raw material and is directed toward mixed metal waste production. According to an estimate, the amount of 

unconventional (particle) size can reach 30 to 40 % of the total installed capacity [9]. Was performed detailed 

analyses at selected companies in Russia and found that during the gas cleaning processes in the above 

operations, the loss is up to 5 % of the total volume of powder produced. The removed particles are stored 
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without a protective atmosphere, and for this reason, cannot be used as Ti powder and are instead directed to 

waste. Based on their analyses of the literature [10,11], was formulated a concept for processing the data on 

waste relating to the acquisition of commodity products. During heat treatment in an oxygen stream (on existing 

equipment) when these powder wastes are specifically obtained, it is possible to obtain titanium dioxide which 

can be used as an additive in coating materials and various other uses (manufacturing of paper and pigments, 

in rubber engineering, plastics processing, etc.). The proposed methods which address the issue of recycling 

and processing Ti powder would not only result in a reduction of the volume of waste but also produce a 

product which can be sold to specialized organizations. In an example of the calculation of the economic effects 

in a system of capture and recovery of production waste, was assumed, as a starting point, that 100 % of the 

source material has a mass of 107.500 kg. In the process of obtaining the powder, a portion of the material is 

not exposed to melting. This value is usually about 30 % of the original material, i.e., the unmelted portion has 

a mass of 32.250 kg. The resultant mass of the Ti powder is 75.250 kg. In separating the powder according to 

size and removing slag particles, 5 % is lost, i.e., 3.765 kg (75.250 * 5/100 = 3.765). A total of 71.480 kg of the 

actual powder remains. A diagram of the percentage size distribution (Figure 3) shows that the working fraction 

(powder for additive production for sale) is about 70 %. Therefore, the powder not used in production is 30 % 

by mass of the initial powder, i.e., 21.440 kg (71.480 * 30/100 = 21.440).  

As output, we obtain: 

- Required mass of Ti powder for sale 50.040 kg 

- Mass of unmelted portion 32.250 kg (sold at the price of metal) 

- Mass of unusable powder is 25.205 kg (sold at the price of titanium dioxide) 

The distribution of particles proceeds according to the empirical data shown in Figure 2. The working fraction 

is given by the most common range of use of the powder in an additive manufacturing plant. 

 

Figure 2 Separation of powder into fractions in percentage ratio 

3.3.  Development of an algorithm to identify and select equipment to expand or modernize  

          production in powder metallurgy processes 

In launching new production facilities or modernizing existing powder metallurgy plants, manufacturers must 

address the problem of selecting suitable equipment according to set criteria. The paper to devised a technique 

to assist in the selection of a suitable technological equipment based on a weighted qualitative evaluation of 

the equipment according to expert (specialists) recommendations from selected companies was presented. 

The main characteristic of the method in determining the weighting coefficients is the compilation of a list of 

the most important parameters and subsequent summary of preferences by selected expert advisors (12 

experts). Table 2 shows six key indicators and fifteen parameters essential in evaluating the equipment for 

powder metallurgy at the selected companies.  

Number 
% 

Working fraction  

size of granules, micrometers 
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Table 2 Proposed priority selection method according to a comparison of individual indicators: productivity,  

              performance, material versatility, direct costs, price, product output 

 
 1 2 3 4 5 6 

  Productivity 
Perfor-
mance 

Material 
versatility 

Direct costs Price Product output 

1 
Produc-

tivity 

* 

Priorita 
productivity 
or 
performance 
1 or 2 

Priorita 
productivity or 
material 
versatility 1 or 3 

Priorita 
productivity 
or direct cost 
1 or 4 

Priorita 
productivity 
or price  

1 or 5 

Priorita 
productivity or 
product output 

1 or 6 

2 
Perfor-
mance 

* * 

Priorita 
performance or 
material 
versatility 

2 or 3  

Priorita 
performance 
or direct 
costs 

2 or 4 

Priorita 
performance 
or price 

2 or 5 

Priorita 
performance or 
product output 

2 or  6 

3 
Material 

versatility 

* * * 

Priorita 
material 
versatility or 
direct costs 

3 or 4 

Priorita 
material 
versatility or 
price 

3 or 5 

Priorita material 
versatility or 
product output 

3 or 6 

4 
Direct 
costs 

* * * * 

Priorita 
direct costs 
or price  

4 or 5 

Priorita direct 
costs or product 
output 

4 or 6 

5 
Price 

* * * * * 

Priorita price or 
product output 

5 or 6 

6 
Product 
output * * * * * * 

The weight coefficient for the “Productivity” indicator is 12/15 = 0.80. This weight ratio is taken into account in 

calculating the Qualimetry Rating of the device (e.g., arithmetic mean); the final value of this parameter is 

80 %. The obtained value can be replaced as a priority parameter in one of the classic qualometric estimation 

formulas [12]. 

4 CONCLUSION 

The paper evaluates existing additive production facilities using an engineering company as an example. The 

evaluation included an analysis of powder metallurgy processes, specifically organization of the water cycle to 

reduce the cost of water treatment and also minimize the subsequent penalties issued by water management 

authorities for the discharge of insufficiently treated wastewater. The various calculations working with different 

types of water usage and subsequently quantified the average value of cost reduction related to water 

consumption in the powder metallurgy process was performed. 

Another factor in improvements the powder metallurgy process is arrangement of the order of collection, 

operation and utilization of waste generated during production. During the operation of production facilities and 

as a result of the quality requirements for the produced powders, companies can generate a significant amount 

of waste. The paper describes the system of capture and recovery of production waste. The last phase of 

improvement addressed by in this paperis the technique of qualimetric (balanced) selection of new or 
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modernized additive production equipment and presentation of a method of priority selection, which compares 

individual indicators for simplification the process, and expand the availability of additive production. 
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Abstract  

Export oriented companies are extremely important for the Czech Republic as a highly open economy. These 

companies contribute to the generation of GDP and ensure that the current account on its balance of payments 

remains balanced. International trade is currently enjoying rapid growth because most trading subjects are 

aware of the importance of developing international activities which aim to sell products on foreign markets. 

This high sectoral concentration of Czech exporters along with a significant territorial export orientation 

primarily towards EU states means the Czech Republic is highly vulnerable to fluctuations and economic 

disturbances on foreign markets. The research investigates application of the gravity model of foreign trade 

on selected branches of the manufacturing industry and identifies significant factors which affect trade flow. 

The main aim of the research was to determine statistically significant export variables and generally confirm 

the suitability of using the gravity model equation as a tool for analysing trade flow and discovering trade 

potential. Part of the research involved compiling a basic modified export gravity model of foreign trade. This 

model allows identification of the statistically significant explanatory variables which fundamentally affect the 

Czech Republic’s exports. The paper presents this model and the outputs which relate to selected commodities 

produced by the manufacturing industry, such as basic metals, coke and oil products, chemical substances 

and preparations, etc.   

Keywords: Analysis, export, foreign trade, gravity model 

1. INTRODUCTION 

Foreign trade represents a significant constituent of external economic relations because it links the national 

economy with the global economy. The research investigated application of the gravity model of foreign trade 

on selected branches of the manufacturing industry and identified significant factors which affect the trade flow 

in selected commodities. Part of the research involved compilation of a basic modified export gravity model. 

“Exports from the Czech Republic” was selected as an explanatory variable, along with “GDP”, “GDP per 

Capita”, “distance of trade partners”, and “population size” of 35 selected countries which represent the main 

business partners of the Czech Republic. All the estimates of the variables’ parameters were made using the 

GRETL program. Tests were applied to ascertain the stationarity of the variables in the panel data and the 

relationship between the analysed variables. The paper presents a modified export gravity model of foreign 

trade. The model allows identification of the statistically significant explanatory variables which fundamentally 

affect the Czech Republic’s exports. Selected commodities such as basic metals, coke and oil products, 

chemical substances and preparations produced by the manufacturing industry were examined (see Tables 1, 

2 and 3). 
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Table 1 Export of goods from the Czech Republic of selected commodities produced by the manufacturing  

industry [in billions CZK] for the selected period [1] 

Commodity 1.y 2.y 3.y 4.y 5.y 6.y 

Coke and refined oil products 39.0 37.2 42.2 38.3 28.4 36.6 

Chemical substances and preparations 146.5 152.1 166.9 150.3 140.8 160.5 

Basic metals 149.3 150.9 151.5 142.0 128.9 138.7 

Table 2 Year-on-year development of selected commodities produced by the manufacturing industry during 

the monitored period [%] [1] 

 Commodity 1.y 2.y 3.y 4.y 5.y 

Coke and refined oil products -5 13 -9 -26 29 

Chemical substances and preparations 4 10 -10 -6 14 

Basic metals 1 0 -6 -9 8 

Table 3 Foreign trade in goods in 2017 in the Czech Republic [in billions of CZK] of selected commodities 

produced by the manufacturing industry [1] 

Commodity Trade turnover Export Import Trade balance 

Coke and refined oil products 89.922 36.551 53.371 -16.819 

Chemical substances and preparations 430.450 160.497 269.953 -109.456 

Basic metals 403.309 138.722 264.586 -125.864 

In the 1960‘s, Tinberger and Pöyhönen first presented the gravity model of foreign trade [2,3]. According to 

the authors, the mutual volume of trade between countries could be likened to the law of gravitational attraction 

in Newtonian physics: it was directly dependent on the size of the countries or the size of their economic power 

expressed in GDP and inversely proportional to the geographic distance between them, most often expressed 

as the distance between capitals. Gravity models have long been used to analyse the effect of globalisation 

factors on bilateral trade [4]. Gravity models can be used to explain international financial transactions in the 

same manner as transactions in goods [5] and can also be applied in the international trade network [6]. Baier 

and Bergstrand conducted extensive research into the application of gravity models and also formulated the 

most commonly used gravity model in international trade [7-9].  

As the number of application areas for gravity models grows, the number of potential explanatory variables 

which can be modelled under the relevant phenomena also grows. One can select a concrete explanatory 

variable from a large number of characteristics. According to Bubáková, in the traditional concept of the gravity 

model, the volume of mutual trade is dependent on the economic strength of the country, transport costs, trade 

barriers and preferential factors [10]. Mutual trade is then represented by trade flow. In a study of the 

agricultural commodities produced by the Czech Republic, Ševela formulated a gravity model for Czech 

exports, with GDP, GDP per capita, and geographic distance between capitals as the statistically significant 

explanatory variables [11]. Svatoš and Smutka evaluated the competitiveness of Czech agricultural and food 

products in the context of the global agrarian market and agrarian foreign trade of the 27 EU Member States 

[12]. Tichý applied the gravity model to produce an estimate of the impact of the Czech Republic’s accession 

to the European Monetary Union on foreign trade in the Czech Republic [13]. Benáček, Podpiera and Prokop 

(2005) showed that for almost a decade (1993-2002), the most important factors which affected trade between 

the Czech Republic and the EU were aggregate demand on both sides of the border, the real exchange rate, 

liberalisation of customs and unit prices in imports and exports, and economies of scale [14]. In areas 

associated with trade, some studies examined the backing given to companies to support competitiveness in 

the Czech Republic [15,16]. Several Czech authors have investigated the factors which affect export 
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competitiveness. Peprný, Kubíčková and Rovný defined the indicators for the success of SMEs on foreign 

markets [17]. 

2. RESEARCH OBJECTIVE AND METHODOLOGY 

2.1. Basic gravity model 

The research applied panel data compiled from statistics available from Eurostat, the Czech Statistical Office, 

the Foreign Trade Database of the Czech Republic, the Czech National Bank, and the European Central Bank. 

The research assembled a basic gravity model which contains explanatory variables selected according to an 

analysis of macroeconomic factors. The statistical model was then dynamized, and a gravity model was put 

together with basic and secondary explanatory variables. Exports in the Czech Republic was selected as an 

explanatory variable. To analyse the main factors which affect Czech exports, panel data was assembled, 

consisting of cross-sectional data which monitored a five-year period of the 35 most significant territories for 

the export of Czech products. GDP, GDP per capita, and geographic distance between capitals were then 

applied in the model as statistically significant explanatory variables. 

After substitution of the defined variables, the basic equation is expressed in Equation 1. 

£1v& � ¤� � ¤ ��x1& � ¤� ��xv& � ¤3 x�x1& � ¤¥ x�xv& � ¤¦ ��� 1v � ¤§ ��x�ux1& � ¤¨ ��x�uxv& � ©1v&             (1)                       

2.2. Modified gravity model 

Based on economic, statistical and econometric verification, the gravity model described in (1) was modified 

into a form for determining the main factors involved in the Czech Republic’s foreign trade [18]. The modified 

gravity model is expressed in Equation 2. 

lny£eª�z � ¤0 � ¤1 ln���xe�� � ¤2 lny��xª�z � ¤3 ln�x�xe�� � ¤4 lnyx�xª�z � ¤5 lny��� eªz �
¤6 ln���x�uxe�� � ¤7 lny��x�uxª�z � ©eª�                                                   (2) 

where: 

£eª�  value of export from country i (Czech Republic) to country j 

��xe�  gross domestic product of country i (Czech Republic) 

��xª�  gross domestic product of country j (partner country) 

��x�uxe� gross domestic product of country i (Czech Republic) per capita 

��x�uxª�t gross domestic product of country j (partner country) per capita 

x�xe�  population of country i (Czech Republic) 

x�xª�  population of country j (partner country) 

��� eª  geographic distance between countries i (Czech Republic) and j (partner country) 

©eª�  random error 

3. RESULT AND DISCUSSION 

All the estimates of the variables’ parameters were made using the GRETL program. The model included a 

variable for time. The assumption concerning a statistically significant year was not confirmed. The least 

squares model was applied to Czech exports according to a Hausman test, which detects the consistency of 

estimates, with a resultant p-value of 0.34562 [19]. Table 4 lists the values of the coefficients for individual 

variables in the resultant model of random effects along with p-values which indicate the statistical significance 

of the individual explanatory variables. The dependent variable is “In Export”. 
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Table 4 Estimate of variables in model 

Variable Coefficient α Standard error p-value 

const 4.57824 0.830202 1.27e-07 

l_GDPjt 0.809565 0.0311539 0.4323 

l_GDPCAPjt −0.234374 0.0474901 1.89e-06 

l_POPjt 0.2563 0.034645 1.49e-07 

l_DISTij −1.35654 0.0460095 0.6471 

l_GDPit 0.448752 0.778176 0.5649 

l_GDPCAPit 0.2097 0.056435 1.76e-046 

l_POPit 0.2678 0.0357578 1.24e-06 

The analysis showed that the basic macroeconomic theory of foreign trade can also be applied to trade in the 

Czech Republic. The result of the analysis is a positive value of GDP, corresponding to the expectation that 

countries export more to other countries with a higher GDP. From the aspect of intensity of effect, the most 

powerful factor on the volume of exports is distance between countries. In accordance with the theory of gravity 

models, the volume of goods traded between business partners drops with increasing distance. The greater 

the GDP and the less the distance from the Czech Republic, the higher the exports to that country. The other 

parameters showed no statistical significance.  

The obtained coefficient values were applied to the gravity model, results are displayed in Equation 3. 

lny£1v&z � 4.57824 � 0.809565 lny��xv&z � 0.448752 ln���x1&� � 0.2563 ln�x�x1&� � 0.2678 lnyx�xv&z �
1.35654 lny��� 1vz � 0.234374 lny��x�uxv&z � 0.2097 ln���x�ux1&�                                        (3) 

In the analysis, a revealed comparative advantages (RCA) index was also calculated and used to evaluate the 

comparative advantages of the examined country with respect to the reference group, according to the 

equation [20], see Equation 4.                                                                                                             

«�u1v � ¬o�
®o ¯

¬°�
®° ¯

                                                                                                                                              (4) 

where: 

�eª value of export of the given commodity by a certain country 

£1 value of total exports of a certain country to the entire world 

�+v value of global exports of the examined commodity1,000 = one thousand 

£+ total value of global exports 

If the resultant value is greater than 1, then the examined country has a comparative advantage in terms of 

the reference group of countries in exports of the given commodity category. Table 5 shows that with its trade 

partners in selected countries, the Czech Republic has a full comparative advantage in the category of 

machines and vehicles, whereas in chemical substances and preparations and coke and oil products, the 

Czech Republic has full comparative disadvantages with all countries. In the case of basic metals, the Czech 

Republic has a comparative advantage only with directly neighbouring countries. 
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Table 5 RCA index of selected commodities for 2017 

 Machinery and 
vehicles 

Chemical substances and 
preparations 

Basic 
metals 

Coke and refined oil 
products 

Germany 1.55 0.33 1.33 0.17 

Slovakia 1.03 0.69 1.59 0.89 

Poland 1.09 0.92 2.03 0.42 

France 1.80 0.26 0.84 0.04 

UK 1.82 0.23 0.85 0.03 

Austria 1.13 0.37 1.51 0.00 

Italy 1.33 0.53 1.37 0.01 

Netherlands 1.69 0.36 1.13 0.06 

Hungary 1.41 0.89 1.33 0.40 

Spain 1.99 0.24 0.64 0.00 

4. CONCLUSION 

The article presented the outputs of an analysis in which the main aim was to determine the statistically 

significant export variables related to the selected commodities produced by the manufacturing industry: basic 

metals, coke and oil products, chemical substances and preparations. As part of the research, a modified form 

of the gravity model was compiled, and the revealed comparative advantages index was calculated. The 

research analysed the significance of individual factors comprising the actual export policy and determined the 
most significant aspects in the Czech environment, evaluating how they affected competitiveness on the 

foreign market in selected manufacturing industry commodities such as basic metals, coke and oil products 

and chemical substances and preparations. According to the model, export success is in general dependent 

primarily on the economic growth of the country (GDP indicator) and the distance between the trading partners.  
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Abstract 

Continuous steel casting has become a major technical and economic advantage one of the most important 

technological innovations not only in the steel industry, but in the world metallurgical industry in general. The 

aim of these modernization steps in the steel industry is focus on the production of high and super pure steels, 

which also has a significant impact on the use and thus also for the production and development of refractory 

materials. 

It is the issue of refractory materials for the preparation of the working lining of the tundish for continuous 

casting that this article deals with, in terms of efficiency, use and complexity of preparation. 

The aim of the article is generally to compare two methods of work preparation linings for tundishes for 

continuous casting of steel in terms of expected savings, increasing the quality of steel and accelerating the 

preparation of tundishes for the work process. Guniting and dry mix technologies are compared. 

Keywords: Metallurgy, steel, continuous casting, guniting, dry mix 

1. INTRODUCTION 

Modern iron and steel metallurgy focuses primarily on an improving the quality, effectiveness and 

competitiveness of its production. In addition to the expected effects on quality and price, the introduction of 

new metallurgical processes today represents higher savings. In relation to this, and also due to the high 

demands on fuel, energy, raw materials and investment in metallurgical production, changes primarily provide 

increases in user properties and the final degree in metallurgy products, along with increases in the overall 

effectiveness of metallurgy production. Thanks to its significant technical-economic advantages, continuous 

steel casting is one of the most important technological innovations not only in the steel industry but in the 

global metallurgical industry generally. These steps of modernisation in the steel industry are directed towards 

the use and therefore the production and development of refractory materials. 

2. CURRENT DEVELOPMENTS IN REFRACTORY MATERIALS 

Current developments in refractory materials have led to their increased life span, management of ecological 

problems during production and use, and relate to attaining the maximum ceramic functionality. The main 

strategic aims are:  

 Research and development of new, high-quality types of non-shaped refractory materials, 

 Improvement of processes during repairs of linings while hot, 

 Use of new raw materials (natural and synthetic) for the production of new composite materials, 

 Study of product microstructure to improve their user properties,  
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 Development of composite materials for more demanding conditions of use (very high temperatures, 

chemical corrosion, thermal shock, etc.), 

 Development of new technologies for creating refractory concrete prefabricates, 

 Improvement in the manufacturing process for the production of bricks with high aluminium content and 
alkaline bricks to improve their quality parameters [1].  

2.1. Refractory materials for raw iron and steel manufacturing 

In recent years, individual metallurgy plants have seen a distinct increase in life span due to the use of new 

refractory materials with high user value and the introduction of new installation techniques. The guaranteed 

life span of blast furnaces has risen to 20 years, the life span of converters now exceeds 30 thousand batches, 

and the life span of casting ladles has risen to 200-300 castings. Today, the slide gates of large casting ladles 

achieve around 10 castings, the lifespan of the refractory lining of a tundish has exceeded 70 sequences, and 

the life span of submerged nozzles has reached 12 hours of casting (Table 1). All of this has led to a reduction 

in the specific consumption of refractory materials during steel production and the attainment of better 

economic results during their production [2]. 

Table 1 Specific refractory material consumption during the production of raw iron and steel [1] 

Metallurgical plant 
Specific refractory material 

consumption (kg/t) 
Proportion of total 
consumption (%) 

Proportion of non-
shaped material (%) 

Blast furnace: 

- Sealing material 

- Channel material+other 

 

0.4-0.8 

0.4-1.2 

 

3 

5 

 

100 

90-100 

Torpedo mixer, pouring ladle 0.3-0.4 3 25-35 

Oxygen converters 0.8-2.0 8 25-45 

Electric arc furnace 4.7-6.3 20 60-70 

Vacuum equipment 1.0-1.5 7 40-60 

Casting ladle: 

- oxygen converter steel mill 

- electric steel mill 

 

0.8-3.0 

4.5-5.5 

 

13 

20 

 

20-45 

10-25 

Tundish 0.2-1.6 18 65-85 

Continuous casting 02.-0.3 3 0 

2.2. Refractory materials and casting ceramics for continuous casting equipment (CCE) 

The technology for continuous steel casting places significant demands on the development and introduction 

of new high-quality materials for production because refractory ceramics are exposed to extremely demanding 

working conditions in CCE. The use of high-quality refractory materials for continuous casting is a basic 

prerequisite for fault-free operation of CCE. During continuous casting, many refractory ceramic components 

which come into contact with molten steel are used. In addition to the tundish and its lining, other components 

include the ladle shroud, mono block stopper, stopper mechanism, upper nozzles, submerged nozzles, argon 

purging bricks, baffles and impact pads. The operational reliability and life span of ceramic components and 

refractory linings during continuous steel casting is limited, and the limiting factor of their lifespan is the length 

of the sequence.  

One important fact during continuous steel casting is that each CCE has its own specific conditions, and 

therefore the individual nodes may require a corresponding solution concerning the use of special ceramic 

materials [3]. 
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2.3. Function of refractory materials during continuous casting 

The basic functions of the refractory materials which come into contact with molten steel in the casting ladle 

and tundish (TD) include:  

 Even and regulated feed of molten metal from the casting ladle to the tundish and from the tundish to 

the crystalliser, 

 Protection from oxidation of the molten metal flowing from the casting ladle to the tundish and from the 

tundish to the crystalliser, 

 During casting, maintaining the molten steel in the TD at approximately a constant temperature through 
the use of a suitable heat insulating lining with concurrent preservation of sufficient resistance to 

corrosion, 

 Increasing the purity of the steel and optimising the flow of molten material in the TD [4].  

3. TECHNOLOGY FOR TUNDISH LINING PREPARATION  

The main function of the working lining in the tundish is to protect its permanent, non-working lining, i.e., 

elimination of solidified steel residues at the end of the sequence without damage to the permanent lining. 

3.1. Technology of guniting preparation  

This technology for the preparation of the tundish creates a working lining by spraying gunite, i.e., a dry mix 

based on MgO with added water. Use of this method spread throughout the world at the end of the 1980s, the 

main reason being better control of the gunite spray thickness than in preceding technologies.  

Let us present the procedure for preparation of the working lining by guniting. First, the used protective layer 

is removed from the permanent lining (refractory concrete). The walls of the tundish should be around 60 °C 

before spraying, which is achieved through preheating from a lid with two burners for 60 minutes. The gunite 

is sprayed onto the prepared TD using a special device called a guniting machine. The dry mix is combined 

with approximately 23 % water and then forced through a tube into a nozzle, from which it is sprayed onto the 

permanent lining of the tundish using compressed air. The aim is to spread the layer of gunite onto the walls 

and bottom of the TD as evenly as possible. The gunite is applied to the walls and bottom in three layers, the 

thickness of the resultant working lining being around 7 cm, depending on the quality of the material and 

properties of the covering slag and steel. The process takes approximately 50 minutes and is performed by 

two people, one operating the guniting machine and the other performing the spraying in the TD using a spray 

pistol. After the gunite has been sprayed onto the TD, it must be left in the open to cure for an hour. This is 

followed by drying of the working lining using drying equipment, and once again placing the lid with two burners 

onto the sprayed TD for 4.5 hours at 350 °C. After drying, the TD is prepared for so-called “armouring”, which 

means installation of other parts (refractory ceramics, hydraulics, lid of the TD) required for operation of the 

TD to cast steel. A TD armoured in this way can be used for high-temperature heating and subsequent 

inclusion in the working process, i.e., steel casting. 

3.2. Technology of dry mix preparation 

This technology does not use water, and instead of gunite, it uses a so-called dry mix. This is a mix of fired 

magnesium, sometimes including olivine and fibres containing a powder sealing additive. This method was 

first presented in 1986, and initially the materials were in the form of a dry powder, cured and then preheated 

before use. Later developments showed that cold starts (without high-temperature preheating) could be 

performed with this type of working lining.  

The procedure for preparing the working lining with a dry mix begins in the same manner as for guniting, i.e., 

at the beginning the old protective layer is removed from the permanent lining (refractory concrete) of the TD. 
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The walls of the TD need not be preheated. First, the dry mix is poured into the bottom of the TD using a simple 

hopper with a sleeve suspended from a gantry crane 26 (J-5t) to create a layer of around 7 cm. The main 

principle is placing a steel mould in the middle of the TD so that there is approximately the same distance 

between the walls of the TD and mould all the way around-approximately 7 cm. After the mould is successfully 

centred, the dry mix is poured into the gap up to the brim of the walls. This process lasts 20 minutes and is 

also performed by two people. One uses a controller to operate the gantry crane on which the hopper 

containing the material is suspended above the gap where the material is filled, and the other guides the 

poured material using the sleeve running from the hopper. In contrast to guniting, subsequent maturing is 

unnecessary, and material can be cured immediately using the applied lid with two burners on the filled tundish 

for 2.5 hours at 400 °C. The flames heat the inner walls of the mould, strengthening the dry mix. After this, the 

mould must be left in an open space for 60 minutes to cool down. Then it is carefully withdrawn from the TD 

and given a graphite coating so that during subsequent use and curing it is not baked onto the working layer 

of the TD. The tundish and its dry cured protective layer is once again ready for “armouring”, which is identical 

to TDs prepared with gunite, and it may be used immediately for high-temperature heating and steel casting. 

3.3. Fundamental differences between the technologies 

The fundamental differences in preparation of the protective layer of the TD with gunite and dry mix are given 

in Table 2. 

Table 2 Fundamental differences in preparation of the protective layer of the TD with gunite and dry mix 

TD preparation procedure Guniting technology Dry mix technology 

Preheating the TD before 
application of the working lining 

60 min - 

Creation of the working lining 50 min 20 min 

Maturing 60 min - 

Drying 270 min 150 min 

Mould cooling - 60 min 

High-temperature heating 240-900 120 min 

The figures in the table show that dry mix preparation is less time consuming, which should also reflect lower 

costs in the use of this technology. 

4. TIME REQUIRED FOR THE PREPARATION OF THE TUNDISH 

This includes all the activities and operations directly associated with preparing the tundish from the beginning, 

i.e., tundish with remnants of sows after the end of pouring to the end, i.e., final form of tundish with a new 

working lining heated to 1100 °C. An assessment of the gross working time and the net working time associated 

with the overall preparation of the TD will be presented. 

4.1. Total TD preparation time with gunite 

The overall preparation time consists of several successive operations. All the activity associated with 

preparation of the working lining with gunite takes 1550 minutes if we assume that the average time for high-

temperature heating totals 450 minutes. We must distinguish how much of this total time is down to the human 

factor and how much is a technological pause (drying, curing, heating). The net working time for preparation 

is only 260 minutes, i.e., 16.8 % of the total time. 
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4.2. Total TD preparation time with dry mix 

For the purposes of comparison, let us note the timeframe to prepare the TD protective layer with dry mix 

under the same conditions as the start and end of preparation before use in the working process. The total 

preparation of the TD’s working lining with dry mix takes 990 minutes, of which the crew’s net working time is 

210 minutes, i.e., 23 % of the total time.  

4.3. Comparison of both technologies in terms of time 

Through a comparison, we discover (Figure 1 and Figure 2) that the overall preparation of the TD with dry 

mix is 560 minutes quicker than preparation of the TD with guniting, and the net working time of the crew 

expended for dry mix is 50 minutes shorter. These differences in time also affect the preparation phases, which 

are given in Table 2. So far, it has been ascertained that the dry mix technology is quicker, more effective and 

less demanding on time. The following chapter describes the costs expended on both technologies. 

 

Figure 1 Total times for the preparation of TD using guniting or dry mix 

 
Figure 2 Net working times of the crew for the preparation of TD using guniting or dry mix 

5. COSTS FOR THE PREPARATION OF TUNDISH 

The fundamental matter for corporate costs is the fact that they are always in some way linked according to a 

purpose with corporate outputs. In practice, this means that any cost expended in the business should be 

Guniting Dry mix 

Time (min) 

Guniting Dry mix 

Time (min) 
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linked according to purpose with the value expression of the benefit, i.e., the sold output. If this were not the 

case, they would not be costs but rather resources which, in a certain respect, we have wasted [5]. 

From the aspect of comparison between the two technologies, we consider material costs, costs for natural 

gas, electrical energy, water and repairs, but only from a general perspective. 

5.1. Cost items for the preparation of TD by guniting 

Selected cost items:  

 Guniting machine - equipment with a value running into hundreds of thousands of Czech crowns, but 

which is usually provided free of charge by the supplier of the mix or lent when a long-term contract is 

concluded with the regular purchase of refractory materials, 

 Material (gunite) - consumption 1.8 t/TD, where 1 t =  € 370, 

 Natural gas - consumption 81 m³/TD (drying 10 m³, heating - average 71 m³), 

 Electrical energy - consumption 47 kWh/TD (operation of machine, drying, heating), 

 Water - consumption 720 l/TD, 

 Spare parts for the guniting machine - approximately CZK 30,000 /year,  

 Refractory concrete - this is the non-working (permanent) lining of the TD, where we do not look at the 

costs per TD, which are the same for both technologies (approximately CZK 160,000 per TD), but life 

span, which is 1300 batches. 

5.2. Cost items for the preparation of TD with dry mix 

Selected cost items:  

 Steel mould of TD + hopper (life span 10 years) - value in the tens of thousands of Czech crowns, 

 Material (dry mix) - consumption 2.0 t/TD, where 1 t =  € 410, 

 Graphite - consumption 5 kg/TD, where 1 t = CZK 25,000,  

 Natural gas - consumption 36 m³/TD (curing 6 m³, heating 30 m³), 

 Electrical energy - consumption 10 kWh/TD (operation of machine, hopper, heating, 

 Refractory concrete (life span) - 1,800 batches. 

5.3. Cost comparison of both technologies 

Table 3 Comparison of selected cost items for guniting and dry mix technologies 

Item Guniting technology  
(%) 

Dry mix technology  
(%) 

Saving/loss for dry mix technology 
(%) 

Material 90 100 -10 

Guniting machine 100 0 +100 

Mould 0 100 -100 

Electrical energy 100 21 +79 

Natural gas 100 44 +56 

Water 100 0 +100 

Life span of TD 100 72 +28 

Spare parts 100 10 +90 
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We cannot state unambiguously that under the current conditions either of the evaluated technologies for the 

preparation of the TD’s working lining is better from a cost perspective. Table 3 shows that the dry mix 

technology is cheaper because there is a saving on most items. But we should also be aware that material 

constitutes the greatest proportion of costs (approximately 80 %), which is better with the guniting technology. 

To find the cheaper technology, we would have to perform a detailed calculation of all the costs involved in 

both technologies; however, given the current level of costs (influenced by various changes in dry mix 

technology since its introduction), guniting is the cheaper technology with the current price of materials. 

Therefore, to conclude the cost comparison, we can argue that selection procedures which reduce the costs 

of purchased material are significant since it only requires a small shift in material costs for the cheaper 

technology to become the more expensive option (Table 3). 

6. OVERALL COMPARISON OF GUNITING AND DRY MIX TECHNOLOGY 

From the results of an examination of all factors (current working and production conditions, production plan, 

price of purchased material, etc.) which affect the overall technology of guniting and dry mix technology during 

the preparation of the tundish lining, a comparison of both technologies could be made. 

6.1. Evaluation of guniting technology 

Advantages: 

 Lower consumption of material (gunite),   

 Lower price for material (gunite),  

 No acquisition costs for the guniting machine (they are lent by the supplier of the dry mixes),  

 Longer life span of working lining during casting. 

Disadvantages: 

 Higher consumption of electrical energy, 

 Higher consumption of natural gas, 

 Higher consumption of water, 

 Longer total time for the preparation of the TD, 

 Longer inter-sequence downtime (longer high-temperature heating is required), 

 Longer net working time of workers to prepare the TD, 

 Greater stress on the human body, i.e., work with a preheated TD (effect of radiant heat) and the effect 

of vibrations from the spray pistol when gunite is sprayed onto the walls of the TD, 

 Higher costs for spare parts, 

 Greater permanent wear, non-working lining (shorter life span of the TD). 

6.2. Evaluation of dry filling technology 

Advantages: 

 Lower consumption of electrical energy, 

 Lower consumption of natural gas, 

 No consumption of water, 

 Shorter time for overall preparation of the TD, 

 Shorter working time for people to prepare the TD, 
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 Less demanding work procedure to create the protective lining, 

 Lower permanent wear, i.e., non-working lining (longer life span), 

 Higher steel quality, i.e., lower oxygen content during casting in the first melt sequence, 

 Shorter inter-sequence downtime (shorter high-temperature heating), 

 Minimal costs for spare parts. 

Disadvantages: 

 Higher consumption of material (dry mix), 

 Higher price of material (dry mix), 

 Acquisition costs for the steel mould, 

 Increased dust levels during the creation of the protective layer, shorter life span of the working lining 

during casting. 

7. CONCLUSION 

When the dry mix technology was first introduced, completely different conditions existed for the production, 

price and consumption of material, the inter-sequence downtime, and the steel quality, and we must not 

overlook the fact that since it has been applied, the technology has been modified in a manner which can affect 

the economic evaluation of the entire preparation both positively and negatively. The production of slabs is 

now half of what it was during the pre-crisis years, mainly short sequences are cast, planned inter-sequence 

pauses are longer, and the range of refractory material is greater. All this must be considered in a comparison 

of the factors. Under current conditions, dry mix technology is more advantageous economically from a cost 

perspective than guniting technology. If we consider only the total costs for creating the working linings of TDs, 

material constitutes the greatest proportion of costs and is greater in price and consumption for dry mix than 

gunite. Consequently, it is very important to pay proper attention to the consumption and price of the material. 

Only a detailed analysis of both technologies can show whether the currently preferred dry mix preparation is 

still advantageous, as it was when it was first introduced, or whether it is a loss-making technology under 

conditions today. 

The results showed that tundish operation should be performed by the supplier as a comprehensive service. 

The preparation of a tundish for casting represents a comprehensive set of activities which can relatively 

accurately define and specify the required output. Consequently, this activity can be offered as a service which 

includes the creation of the permanent and working linings of the TD. The input is a used TD after casting into 

CCE has been completed, and the output is a repaired and dried tundish with a new working lining. The main 

principle of the comprehensive service would be the full transfer of responsibilities to ensure the material and 

the work for the supplier. In this case, the economic aspect of comprehensive service is critical. For the client, 

it means forming a clear idea of costs. Once the contract is concluded, the client can precisely calculate the 

costs for the tundish since these are unambiguously based on the volume of steel cast. Another benefit is the 

savings on labour which provides this type of this activity. For the supplier, a significant benefit is the possibility 

to plan production for a longer period because of the certainty in purchasing. This can be taken advantage of 

in obtaining more favourable conditions with raw materials suppliers by negotiating greater volumes and longer 

periods of supply. Agreement on a fixed price for a prepared TD will stimulate motivation to search more 

rigorously for savings in materials and other costs. 
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Abstract  

The article discusses from a financial management aspect the use of book depreciated fixed assets in the 

manufacturing process, which is a situation typical for companies operating in iron smelting and steel and cast-

iron foundries. In most cases, the manufacturing plant of these businesses was acquired more than 30 years 

ago, and in many cases more than 60 years ago. The article explains real depreciations and defines the 

financial indicators which can be used to identify the level of threat to a company’s financial health due to the 

large differences between book depreciations and the real depreciations of a fixed asset. 

Keywords: Depreciations, financial health, management accounting 

1. INTRODUCTION 

If products are manufactured using book depreciated manufacturing plants, the accounting costs do not 

contain the depreciations of this fixed asset. If the thus undervalued costs in the accounts constitute the basis 

for calculating the price calculations, these calculations also contain undervalued costs in the area of 

depreciations, which are the only resources for self-financing the renewal of ageing manufacturing plants. An 

undervalued level of costs in price calculations leads to succumbing to the pressure for a lower sales price, 

which ensures a profit due to undervalued costs, however, this profit is not at the level that renewal of the given 

manufacturing plant using its own resources would ensure. 

Should there be a need to renew this plant with the use of bank loans, this fact may very probably lead to an 

inability to repay these loans, especially in cases where the restored manufacturing plant does not offer 

innovated products for which the customers are willing to pay a higher price. It is possible to simulate this 

situation and avoid future financial distress in these cases by replacing book depreciations with real 

depreciations based on the true real acquisition price of the fixed asset and real period of its use. 

2. METHODOLOGY 

The information base for financial decision-making is management accounting, which distinguishes between 

the financial, value and economic concept of costs. 

2.1. Financial (pagatorial) concept of costs  

The financial concept of costs is applied in financial accounting. It is based on the application of a monetary 

form of circulation of resources according to the assumption that market-verified expenditure is the expression 

of costs, and that market-verified monetary compensation for the products sold is the ultimate point of the 

expended outputs [1]. One component of the financial concept of costs are book depreciations based on the 
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true price for acquisition of a fixed asset and the depreciation period determined by the company at the start 

of use of this asset. 

These fundamentals of the financial concept of costs are problematic from the management accounting aspect: 

 In financial accounting, only those costs based on the true expenditure of money in the given accounting 

period (such as wages) or in the preceding periods (such as depreciations) can be shown in financial 

accounting. 

 Valuation of costs in financial accounting (with the exception of gifts) is performed in true (historical) 

acquisition prices. 

As a result of these principles, book depreciations with a level not corresponding to the current real time of 

acquisition and real depreciation period are recorded in financial accounting. Very often in practice, fixed 

assets are used in manufacturing which have either been fully depreciated (depreciations are zero) or which 

were acquired in the past for prices which do not correspond to the current prices (they were mostly far lower), 

and as a result, the depreciations in the accounts are undervalued. This problem from the financial 

management aspect is resolved in management accounting through the use of real depreciations, which are 

a value expression of the costs. 

The principles of the financial concept of costs mean that if a loan is invested in the acquisition or renewal of 

a fixed asset, the “price” of this loan is expressed in interest, which has the nature of tax deductible costs (they 

reduce the income tax base). However, if equity is invested, the dividends can be viewed as its “price”, but 

these do not constitute a cost in financial accounting. Outside capital appears “more expensive” than equity 

from the aspect of the financial concept of costs, but the generally acknowledged truth is that in reality, the 

opposite applies. In management accounting, this discrepancy is resolved using calculation interest. 

2.2. Value concept of costs 

The value concept of costs was developed mainly in relation to the development of cost accountancy, whose 

aim is to offer information for the regular running of companies. It is based on the costs which exist in reality 

at the time when the given performances occurred, for example, when products were being manufactured. 

The point of the value concept of costs is to express their real level, i.e., not the level at the time of their 

acquisition but at the present [2].  

The value concept of costs applies primarily to costs which do not correspond with monetary expenditure at 

the given time, these being real depreciations or calculation interest. 

Real depreciations express the current real (usual) price for acquiring a fixed asset and its depreciation period 

based on the assumed (real) time of its use [3]. Real depreciations should be used in cases where the 

accounting depreciations in the financial accounting do not correspond with the current usual acquisition price 

of the fixed asset and real period of its use [4]. This occurs when a book depreciated fixed asset (it has zero 

depreciation value) is used, or where it is not yet book depreciated, but the value of its depreciations is 

unrealistic since it does not correspond to the current usual price of its acquisition and real period of its use. A 

zero value of depreciations occurs in cases where the fixed asset was acquired at a time earlier than the period 

of its depreciation. The unrealistic value of the depreciation primarily results from the fixed asset being acquired 

at a price lower than its current usual price (for example, with the use of grants). The unrealistic value of the 

depreciation may also result from an only partial technical betterment (renovation) of an already depreciated 

fixed asset which is still in use. 

Calculation interest expresses the costs for the interest-free use of equity. For example, it expresses the value 

which the owner requires in the form of paid-out dividends and which corresponds to the value which hey 

would gain by other, alternative use of this capital with a comparable level of risk. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1347 

2.3. Economic concept of costs  

The economic concept of costs is based on a requirement to define the level of the current real costs, which 

include so-called opportunity costs from lost revenues sacrificed as a result of the fact that a variant of the 

strategic decision was taken [5]. For example, that financial resources were used to acquire a manufacturing 

hall even though it was possible to lease it, or use this money in some other way, such as buying bonds or 

building another building and leasing it.  

Under the economic concept, the costs are also called additional costs, and one typical example is calculation 

rent (rent of own production hall) or calculation interest (use of own money to buy bonds and not for the 

construction of a production hall). 

Calculation rent is used primarily for own property in the form of buildings, such as a production hall which the 

company uses for production. The calculation rent here expresses the value which a company would gain if it 

leased these production halls instead of using them for its own activity. By increasing the costs through 

inclusion of calculation rent in the price calculation, one ensures that the calculated profit is linked causally 

only with the production of the given product, and not with ownership of the production hall.  

But many foreign companies give concrete form to the simulation of lost profit from renting a production hall 

by founding two companies when building a new manufacturing company in the Czech Republic. The first 

company owns the production hall, which it leases to its “sister” company, which manufactures its products 

there, for the usual rent. In a second, similar variant, the production company performs manufacturing on 

leased premises, for example, in industrial zones. 

3. RESULTS 

During the financial management of a company, there is a problem from the aspect of management accounting 

when the pricing calculation (calculation for price negotiations) is based on book depreciations of a fixed asset 

in financial accounting which have significantly lower values than the real depreciations, whose values 

correspond to the current real prices for acquisition of the given fixed asset and truly anticipated period of use.  

A price calculation using such undervalued costs does not generate sufficient pressure on the level of the sales 

price and therefore pressure for the generation of sufficient own resources to finance the renewal of a fixed 

asset. As a result, for the renewal of this asset, it is necessary to use bank loans, which must be repaid, and 

the interest on them must also be paid. But if this renewal does not lead to the generation of higher value for 

customers for which they are willing to pay a higher price, or if this renewal does not ensure a significant 

reduction in manufacturing costs per unit of production, there will be a significant reduction not only in profit 

but primarily in cash flow and thus a deterioration in the financial situation of the given company. 

Financial accounting, in which book depreciations are significantly lower than real depreciations, is not a good 

information base for short-term and strategic financial (investment) decision-making. 

To correct the difference between the book and real depreciations, calculation depreciations, which are the 

difference between real and book depreciations, are recommended: 

Book depreciations + calculation depreciations = real depreciations. 

A qualified estimate to determine the correct level of real and subsequently calculation depreciations for a 

depreciated or undervalued asset can be made without great problems. This is based on an estimate of the 

usual acquisition price of the given asset (e.g., from the offer prices) and from an estimate of its period of use. 

It is possible to derive (simulate) the current and future situation of a company from the actual ascertaining of 

the annual level of these calculation depreciations, without subsequent calculation, by using the following 

indicators. 

RealROE indicator (Real Return on Equity) 
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The RealROE indicator (Equation 1) should be used in companies whose costs recorded in the financial 

accounting do not correspond with the real (current, usual) acquisition prices. These are primarily zero book 

depreciations of a fixed asset still used and which has been book depreciated or the undervalued level of book 

depreciations is based on the prices minus the effect of a grant or on historically low acquisition prices. 

In these cases, the real return on equity indicator shows the return on equity which the owners of a company 

would have if the costs contained real depreciations that would ensure self-financing of renewal of the fixed 

asset without the need for outside resources (bank loans). This indicator also shows what the level of return 

will be when the fixed asset really is renewed, when the value of the new book depreciations will equal the 

designated real depreciations. 

«�	�«�8 � �±���²j(U,(j&1'
 )*�\*U1j&1'
#�
±³,1&%                                                                                                             (1) 

where: 

RealROE - Real return on equity after calculation depreciation 

EAT - Earnings after tax 

Calculation Depreciation - difference between real and book depreciations 

If the value of the RealROE indicator reaches a return on equity level of approximately 0.08 more, the company 

generates enough of its own resources to renew the ageing fixed assets and for payouts of the usual level of 

dividends. 

If the value of the RealROE indicator reaches a return on equity level of approximately 0.00 to 0.08, the 

company does not generate enough of its own resources to renew the ageing fixed assets or for payouts of 

the usual level of dividends.  

If the value of the RealROE indicator reaches a negative level of return on equity, the company does not 

generate enough of its own resources to finance the renewal of an ageing fixed asset, and as the negative 

value of this return increases, so too increases the problem with renewal of this asset using bank loans. 

RealEVA indicator (Real Economic Value Added)  

The RealEVA indicator (Equation 2) represents the net profit of the company minus the influence of real costs 

(primarily calculation depreciations) and minus the required return on equity (calculation interest − economic 

concept of costs), according to the formula [6]: 

«�	�8´u � 8u � �� �  �* � 8                                                                                                                              (2) 

where: 

RealEVA - Real Economic Value Added 

EAT - Earnings after tax 

CD - Calculation depreciation - difference between real and book depreciations 

re - Required return on equity 

E - Equity 

If the RealEVA indicator value is positive, the company generates real economic added value while ensuring 

its own resources for the renewal of ageing fixed assets and the required level of dividends. 

If the RealEVA indicator has a zero value, no real economic added value is generated, but the company 

provides its own resources for the renewal of ageing fixed assets and the required level of the dividend. 
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As the negative value of the company’s RealEVA indicator increases, so increases the problem with ensuring 

funds for the renewal of ageing fixed asset and payout of dividends. 

4. RECOMMENDATION 

The results of financial accounting do not constitute a good information base for financial (investment) decision-

making in companies already using book-depreciated fixed assets or with a depreciation level differing greatly 

from the current real value of its acquisition and real period of assumed use. In this case in financial accounting, 

there is an underestimation of the costs which should express the wear of the fixed asset (depreciations) and 

which are the source of self-financing for its renewal [7]. 

This fact can be remedied using real depreciations, but for legislative reasons they must not be used in financial 

accounting. It is necessary to work with them only in the context of management accounting (for example in 

pricing calculations). 

Real depreciations can be designated on the basis of expertly estimated current real (usual) acquisition prices 

for the given fixed asset and estimated real period of use. For the purposes of financial management (for the 

needs of pricing calculations) the calculation depreciations, which are the difference between the value of the 

real depreciations and the book depreciations, are added to the already ascertained book depreciations. 

When carrying out pricing calculations, the calculation depreciations are added to the original book 

depreciations, which are then spread out over individual products using the selected allocation key.  One part 

of the calculated profit in these calculations will be real depreciations, and if their value is covered by the sales 

price, the basic condition for renewal of a fixed asset through self-financing will be met. 

The ascertained total value of the calculation depreciations is also important for the calculation of the real 

values of return on equity (RealROE) and economic value added (RealEVA). The results of these indicators 

are important for short-term and strategic financial (investment) decision-making. 

5. CONCLUSION 

The financial conditions not just in metallurgical and foundry production are currently being adversely affected 

by two main factors. These are the increase in personnel costs and the hesitant yet strengthening Czech crown 

exchange rate. These two factors result in the funds for the renewal of outdated fixed assets being “hoovered 

up”.  

Another great problem may be the fact that undervalued book depreciations in financial accounting do not 

ensure funds in the long term for the renewal of fixed assets through self-financing. This fact also leads to an 

undervaluation of total costs in price calculations, which can then lead to an undervalued level of sales prices 

which do not generate sufficient profit for the renewal of a fixed asset from own resources. Moreover, this 

situation leads to a worse financial situation for obtaining bank loans for asset renewal and subsequent 

repayment from net profit.  

The defining of real depreciations and the calculation depreciations based on them assists companies 

calculating the real return on equity, and the real economic added value from their values can be evaluated 

against the financial risk of restoring an ageing fixed asset. 

It can also reflect the values of real depreciations in the price calculations and discover the extent to which the 

as yet simulated real depreciations can be covered by the current sales prices. If the prices are too low to 

cover the simulated depreciations, in the case of the renewal of this asset with the use of bank loans, it will be 

a problem for these sales prices to generate sufficient funds to repay the loan. Moreover, a loan repayment 

period tends to be lower than the real price of depreciation from the loan of an acquired fixed asset. This means 

that the value of the loan repayments will be higher than the simulated value of real depreciations.  
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Abstract  

Metallurgy is one of the main industrial sectors which has a significant effect on the economic development of 

countries. Through the implementation of modern technologies, globalization has stimulated development of 

the metallurgical sector and delivered overall changes in the need for human capital and human resource 

management. The automation of production processes has reduced the number of jobs and added uncertainty 

to the future of work in this field. The sector’s attractiveness as a potential employer has gradually decreased, 

as has interest in related fields of study. In just a few years, industrial enterprises have experienced a shortage 

of skilled labour. Both individual organizations and their governments have focused on supporting activities to 

attract, retain and promote the personal development of employees. The Czech Republic, which is a member 

of the European Union, has certain advantages in these activities compared to China, which, by contrast, is a 

world leader in the volume of iron and steel production. The paper investigates the current positions of these 

two countries in the area of support for employees of metallurgical companies. It examines problematic areas 

and potential solutions to improve the current situation.  

Keywords: Metallurgical industry, support, human resource, Czech Republic, China 

1. INTRODUCTION 

Technological development has generally increased labour productivity and the quality of resulting products 

but also contributed to reduced labour requirements through the automation of most industrial processes [1].  

To a degree, this development has also left its mark on the metallurgical industry. For this reason, but also 

because of the greater physical demands and stress on health in production work, the sector’s attractiveness 

to less qualified workers has gradually decreased and created a shortage of qualified workers required for 

production and technologies at metallurgical companies.  

The thematic area Advanced Machines/Technologies for a Strong and Globally Competitive Industry for the 

years 2021-2027 covers four application sectors, which include engineering and mechatronics, energy and 

industrial chemistry in addition to metallurgy. These sectors form the traditional backbone of the Czech 

economy and contribute significantly to GDP (Mechanical Engineering and Mechatronics), or they are a 

prerequisite for ensuring the competitiveness of several other sectors, as products used in these sectors 

(Metallurgy and Industrial Chemistry) are created here [2]. Therefore, the Czech government supports the 

metallurgical industry both directly and indirectly, by supporting education in related fields. 

China, which produced more than a half of the world's steel already in the year 2018 and so it is its largest 

producer. Therefore also Chinese government strongly supports the metallurgical industry, both in terms of 

customs policy and education of the necessary skilled labour [3]. 

The article describes a current position of China and the Czech Republic on the steel market and deals with 

issues of educational activities in metallurgical companies in the Czech Republic and China. The article also 

offers recommendations and examples to improve today's situation. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1352 

2. THE GLOBAL POSITIONS OF THE CZECH REPUBLIC AND CHINA ON STEEL PRODUCTION 

In 2019, world steel production increased by 1 % over the previous year, amounting to 1,880.1 million tonnes 

of steel. Interestingly, at the end of 2019, steel production fell in all regions of the world except Asia and the 

Middle East [4],[5].  

At the end of 2019, China, as expected, led steel production with 1001.3 million tonnes of steel, while the 

Czech Republic occupied 30th position globally, with an annual production of 4.44 million tonnes [3]. Czech 

metallurgical companies are located mainly in the Moravian-Silesian region which is also thanks to this fact 

the second Czech region as for the location of the largest industrial companies. [6], [7] China also accounted 

for 53.3 % of global steel production in 2019 [6].  

The market situation deteriorated rapidly in February 2020 when China isolated its economy because of the 

coronavirus outbreak and strict quarantine measures applied in other countries. As a result, steel prices rose 

in May as the Chinese economy recovered. Growth accelerated in the third quarter, and prices rose almost 

vertically in the fourth quarter despite the complicated the epidemiological situation around the world. In 2020, 

the global price of steel products on average remained at 2019 levels, and in the fourth quarter, prices 

increased by over 30 % year-on-year [6]. 

China maintained a positive trend in steel production during the general global downturn. According to 

Worldsteel, steel production in China increased by 5.2 % in 2020 and 51.7 million tonnes to 1,053.0 million 

tonnes-a record result. The Czech Republic according to Worldsteel showed a similar positive trend, with total 

production increasing by 0.6 % to 4.5 million tonnes, the country also rising from 30th position to 27th. 

Interestingly, the Steel Union (an organization which protects the interests of Czech and Slovak steel producers 

and processors) stated a decline in results, indicating that in 2020, the Czech Republic produced 4.33 million 

tonnes of steel (Figure 1).  

 

Figure 3 Annual crude steel production (in million tonnes) [5,8] 
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3. SUPPORT IN THE CZECH REPUBLIC AND CHINA FOR THE METALLURGICAL SECTOR WITH 

HUMAN RESOURCES 

Metallurgical companies in both the Czech Republic and China provide various forms of support for employee 

training, both internally and externally. Internal training includes formal instruction, work meetings, task 

assignment, coaching, work rotation, counselling and mentoring. External methods include assistance, 

lectures with Q&A, demonstrations, workshops, brainstorming sessions, case studies, PC learning, 

simulations, assessment centres and role playing. [9] 

Studies which investigated staff training and development (T&D) at Czech metallurgical companies identified 

that all companies provide some form of education for their employees, while about 90 % create specific plans 

in this area. In contrast to larger companies, smaller companies create plans for shorter periods and so 

maintain their flexibility. The proportion is higher at metallurgical enterprises than at other sectors, especially 

considering that fewer potential employees are graduating from trade-oriented high schools and university 

programmes focused on the metallurgical industry. These companies therefore have no other option than to 

recruit unqualified workers and provide them with training and development according to the company’s own 

specific needs. All the companies use both internal and external educational methods. [10], [11] 

Weak points have also been identified, for example, no evaluation of the benefits of training and the small use 

of attractive and efficient educational methods such as coaching, mentoring and role playing. Surveys have 

shown that companies which invest more time and money in staff T&D have lower turnover rates and higher 

employee performance. [10] 

In Hubei Province of China, the survey shows that in terms of training awareness, only 4.5 % of frontline 

workers said that they did not need to receive training to improve their skills, and 63 % of frontline workers said 

that they had strong training needs at work. However, the current training of high-skilled talents has been 

focused mainly on School training neglecting the on-the job skill training of employees. Most companies only 

carry out induction training, safety training, quality training, etc., and do not pay attention to skills training. This 

is mainly due to two considerations. One is that employers are worried that trained employees will not be able 

to guarantee corporate loyalty, and they will switch jobs after upgrading their skills. The second one is that on-

the-job training may delay work deadlines and also requires companies to invest a certain amount of money. 

Due to the lack of skilled labour and the tendency to deepen it, in 2018 the Ministry of Education of China 

issued instructions for cooperation between vocational schools and metallurgical enterprises. Businesses were 

encouraged to offer student internships and invest in training of own employees [12]. Jiangxi Metallurgy 

Vocational Technical College has also been operating in China for a long time, it combines a national advanced 

unit of vocational education, a national vocational education reform model school, and a national modern 

apprenticeship pilot college. Relying on the two major Jiangxi state-owned enterprises of Xinyu Iron and Steel 

Group and Jiangxi Copper Group, the college runs school-enterprise cooperation closely and has been fixed 

as a training base for the employees of the two companies [13].  

Other companies also rely on joint training in vocational colleges or internal classes for skills training, but 50 % 

of front-line workers are dissatisfied with the training effect, mainly because of the unreasonable curriculum 

setting, weak teachers, and the lack of training goals and corporate needs. People admit more and more often 

that joint training within company is just “walking through the scene”, a waste of time and energy. Companies 

did not implement the instructive occupational qualification allowance of the labour department for the level-

up skilled workers. It is precisely because most companies do not regard vocational qualification certificates 

and skill levels as an important basis for internal salary distribution and staffing and have not established a set 

of incentive and guarantee mechanisms that match the evaluation, training, assessment, treatment and use 

of skilled talents. 

To supplement employee development and bolster overall support for employment in this sector, Czech 

companies are also taking advantage of the opportunity to obtain financial support from various subsidy 
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programmes such as the European Social Fund (ESF). The Employment Operational Programme helps 

companies implement projects which raise the professional knowledge, skills and competencies of employees. 

Information about individual ongoing and already completed projects, including the type of educational activity, 

number of employees and other data, is available freely on the European Social Fund website. Support from 

the European Social Fund provides more than 50 % of implementation costs. For example, the project 

“Company education of employees at the company Hutní montáže and partners” included total expenses of 

CZK 569,280.00, of which CZK 483,888.00 (85 %) was provided by the European social fund. The project 

supported 12 employees with educational and requalification courses, internships, professional consultation, 

counselling, training, professional work experience, and so on [14]. 

As the next example, the company Vítkovické slévárny drew subsidies for the education of its employees from 

3 projects [15]. 

4. THE WAYS FOR IMPROVING ACTUAL SITUATION 

A high demand for qualified people in manual labour and technical professions exists in both the Czech 

Republic and China. According to individual studies [10], nor Czech neither Chinese companies have an 

appropriate qualification for their work position. The shortage of skilled labour for this type of work and the 

continuing trend in shortage in the coming years has been confirmed by the fact that most manufacturing 

operation workers and a large proportion of workers overall with a suitable level of education are in the 40-50 

age group. Younger generations are more focused on working in administration with computers. This situation 

is also evident beyond the selected countries. Each country in the world is experiencing similar problems, and 

all are subsequently applying their own support and training programmes to create more favourable and 

attractive conditions for work in this field. 

In China, at the social level, the government is leading the promotion of the key role and outstanding 

contribution of skilled talent. It is striving to create socially beneficial conditions and setting the basis of 

recognition throughout society for highly skilled labour. It aims to build a solid system and policy for the 

development of such skilled labour. The government should also increase its financial investment in vocational 

education, encourage students to receive vocational education, provide subsidies for school-enterprise joint 

education, subsidize skilled labour to improve workers’ skills independently, and increase and promote the 

training of skilled mentors and highly-skilled talent. Enterprises should draft plans for incentives in career 

development and salary to motivate technical personnel. 

In the Czech Republic and China, it would also be appropriate to implement new training procedures and 

programs that would increase the attractiveness of vocational education for the industry in general and also 

expand knowledge and competencies in modern technologies among the older generation, which make up a 

larger share of blue-collar workers. Unfortunately, in both countries, training activities have been so far mostly 

focused on managers and administrative staff - white collars. 

In addition to supporting and developing existing activities, companies could also benefit from practices which 

are applied in other countries. In Germany, for example, in addition to numerous grant programmes, 

companies support students from local schools and educational institutions. In practice, this works by the 

company reaching out to students with an offer of financial support for their education (successful completion 

of school, university and courses), thereby offering educational activities which would help employees in their 

work in the future. In such cases, an employment contract may be concluded with the requirement to complete 

certain courses of study at an educational institution.  

Large industrial companies can also benefit from the experience of large companies with own schools or 

training centres. In this way, companies can offer their own educational programmes reflecting exactly 

qualification needs of the company. An example of this in the Czech Republic there is Škoda Auto company 

and its educational institution in Mladá Boleslav.  
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Another widespread and successful practice in the field of education of young people, which the Czech 

Republic and China and their metallurgical companies could currently use are programmes that have been 

successfully organized in the United States called SYEP. Their labour market for young people has become 

more demanding and competitive over the last decades, and therefore city or state programmes dependent 

on government funding have been created to support them. These programmes vary in size and can be 

relatively large: each summer around 10,000 young people in Boston and over 40,000 in New York are 

employed in the frame of the programmes. Surveys prove that young people who took part in such programs 

felt that they were better prepared for future employment. Many also said that they had learned how to manage 

their emotions, how to ask for help when they needed it, and how to constructively resolve a conflict with a 

peer. Existing evidence suggests that summer youth employment programmes have the potential to reduce 

delinquent behaviour, increase academic aspirations and performance, and improve social and emotional 

development. Compared to more targeted behavioural programs. SYEPs provide work experience that can 

also lead to future careers or post-secondary education. [16]  

5. CONCLUSION 

Today, both in the Czech Republic and in China, there is a problem of shortage of skilled labour, especially in 

industrial sectors. Individual states support and implement activities to support education and development of 

employees in the metallurgical industry, either internally or externally and develop granting programmes 

reflecting their specific needs. Despite many support measures, a shortage of skilled workers continues in all 

industries. Governments and individual companies should therefore seek, design and adopt further measures 

to promote employment and draw on the positive and proven experience of other countries, such as the US 

Summer Camps for Youth. Investing in skilled workers in the metallurgical industry will certainly pay off for 

states because according to a 2011 Deloitte study in the USA, each job in the steel industry creates or supports 

seven jobs in the broader economy both directly and indirectly (in gross numbers, a total of over 1 million jobs 

in 2011) [17]. 

ACKNOWLEDGEMENTS   

The work was supported by the specific university research of Ministry of Education, Youth and 
Sports of the Czech Republic at VSB - Technical University of Ostrava, project no. SP2021/71.  

REFERENCES 

[1] HOBSBAWM, E. J. Industry and Empire: From 1750 to the Present Day. rev. and updated with Chris Wrigley (2nd 

ed.). New York: New Press, 1999. 

[2] Ministerstvo průmyslu a obchodu. Národní výzkumná a inovační strategie pro inteligentní specializaci České 

republiky 2021 - 2027. Příloha 1. Karty tematických oblastí. [online]. 2021. [viewed 2021-05-24]. Available from: 
https://www.mpo.cz/assets/cz/podnikani/ris3-strategie/dokumenty/2021/1/B_Priloha-1-Karty-tematickych-

oblasti.pdf 

[3] Worldsteel Association. World steel in figures. [online]. 2019. [viewed: 2021-05-22]. Available from: 

https://www.worldsteel.org/en/dam/jcr:96d7a585-e6b2-4d63-b943-
4cd9ab621a91/World%2520Steel%2520in%2520Figures%25202019.pdf.  

[4] Worldsteel Association. The Largest Steel Producing Countries. [online]. 2021. [viewed: 2021-03-25]. Available 
from: https://www.worldsteel.org/en/dam/jcr:e723da20-7c4a-4680-8d2e-

501c108d7590/Top%252040%2520steel%2520producing%2520countries.pdf. 

[5] Worldsteel Association. The Largest Steel Producing Countries. [online]. 2020. [viewed: 2021-03-25]. Available 

from: https://www.worldsteel.org/en/dam/jcr:391fbe61-488d-46d1-b611-
c9a43224f9b8/2019%2520global%2520crude%2520steel%2520production.pdf. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1356 

[6] Riarating. Reyting stran po proizvodstvu stali. Itogi 2020 goda. [online]. 2021. [viewed: 2021-04-01]. Available 

from: https://riarating.ru/countries/20210330/630197784.html. 

[7] SUCHÁČEK, J., SEĎA, P., FRIEDRICH, V., KOUTSKÝ, J. Regional Aspects of the Development of Largest 

Enterprises in the Czech Republic.Technological and Economic Development of Economy. 2017, vol. 23, no. 4, 
pp. 649-666. ISSN 2029-4921. 

[8] České noviny. Výroba oceli loni v ČR klesla, propad zmírnilo oživení poptávky. [online]. 2021. [viewed 2021-05-
10]. Available from: https://www.ceskenoviny.cz/zpravy/vyroba-oceli-loni-v-cr-klesla-propad-zmirnilo-oziveni-

poptavky/2006370. 

[9] NOE, R. A. Employee Training and Development, 5th ed. New York: McGraw-Hill Irwin, 2010, p. 589. 

[10] SAMOLEJOVÁ, A., ČECH, M. Staff training and development in metallurgical companies. In: 25th Anniversary 
International Conference on Metallurgy and Materials. Brno: METAL, 2016, pp. 1760-1761. 

[11] KOSŇOVSKÁ, Veronika. Analýza efektivity rozvoje a vzdělávání zaměstnanců ve vybrané organizaci. Ostrava: 
VŠB-TUO, 2015. 

[12] Xinhuanet. Feature: China's skilled workers incentivized to succeed. [online]. 2018. [viewed 2021-05-17]. 
Available from: http://www.xinhuanet.com/english/2018-03/24/c_137061740.htm. 

[13] Isacteach. Jiangxi Metallurgy Vocational Technical College. [online]. 2020. [viewed 2021-05-17]. Available from: 
https://www.isacteach.com/university/jiangxi-metallurgy-vocational-technical-college/. 

[14] Evropský sociální fond. OP Zaměstnanost 2014 - 2020. [online]. 2014. [viewed 2021-03-28]. Available from: 
https://esf2014.esfcr.cz/PublicPortal/Views/Projekty/Public/ProjektDetailPublicPage.aspx?action=get&datovySkla

dId=10E214C1-7473-4228-BB31-3D357EF79A79. 

[15] Vítkovické slévárny. Dotace. [online]. 2021. [viewed 2021-05-17]. Available from: 

http://www.vitkovickeslevarny.cz/dotace. 

[16] Econofact. Do Summer Youth Employment Programs Work? [online]. 2019. [viewed 2021-05-17]. Available from: 

https://econofact.org/do-summer-youth-employment-programs-work. 

[17] Deloitte. Bridging the talent gap. Engineering a new work force for the U.S. steel industry. [online]. 2014. [viewed 

2021-05-17]. Available from: https://www2.deloitte.com/content/dam/Deloitte/global/Documents/Manufacturing/gx-
mfg-bridging-talent-gap-steel-industry-report.pdf. 

 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1357 

IMPROVING THE PRODUCTIVITY OF OPERATION OF ROTARY FURNACES USING THE TPM 

METHOD 

1Edward MICHLOWICZ, 2Tomasz KORFEL 

1,2AGH University of Science and Technology, Cracow, Poland, EU, 

michlowi@agh.edu.pl, tomekkorfel@gmail.com 

https://doi.org/10.37904/metal.2021.4293 

Abstract 

Zinc oxide concentrate production from industrial waste is performed in the so-called rolldown process - in 

rotary furnaces. It is a complex technological process. Incorrect process execution will cause a large number 

of unplanned stops that significantly affect production. The purpose of the work was to analyze upgrade of 

technological lines used for the production of zinc oxide concentrate at B. Recycling company. The detailed 

purposes of the study included the analysis of fault time, standstill of the planned technological lines no. 1 and 

6 for processing of steel fly ashes, and line no. 2 for processing of zinc-bearing sludges. In the study the Total 

Productive Maintenance method elements was used. The histograms for planned downtime and failures of 

individual technological lines for a period of one year were developed and the MTTF, MTBF and OEE indices 

for three production lines were set. The results were analyzed. A solution was proposed to shorten the failure 

time of the above mentioned technological lines. 

Keywords: Zinc from waste, TPM method, calculation of OEE, MTTR, MTBF indicators 

1. INTRODUCTION 

The adaptation of production of zinc from zinc-bearing waste requires adapting the technology to the 

environmental protection provisions, mainly in relation to emission of pollutants and noise and waste disposal. 

Zinc-bearing waste are hazardous to the environment, in particular for aquatic resources. New legislation 

caused that its processing became - also for entrepreneurs - more cost-effective economically than storage. 

Therefore it was facilitated to acquire raw materials for the steel mill and it could be smoother than ever before 

[1]. In the framework of further investments from the zinc steel mill the new B. Recycling company was 

separated. The upgrade of the existing system forced by the regulations covered the conversion of: 

− cooling and dust collecting line, 

− furnace fueling system (change from coal to gas), 

− slag reception system, 

− installation for pelleting the concentrated zinc oxide. 

Sintering process has also been eliminated and the whole manufacturing process was automated. The firm B. 

Recycling has taken the initiative of management of zinc-bearing waste from diffuse sources. To obtain the 

required level of carbon dioxide emission in waste gases, it was necessary to implement changes to the 

previously used technology and equip the plant with the system for absorption of sulphur dioxide from the 

emitted gases [2], [3]. The firm B. Recycling has implemented the project of modernization and assembly of 

rotary furnaces and all other elements of lines. The change of suppliers of zinc-bearing waste was a key issue. 

Activation of a mechanism stimulating system supply with wastes from different producers was a requirement 

necessary to keep supply continuity. 
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Due to the complexity of technological process for generation of zinc concentrate from different zinc-bearing 

waste, during system operation, there are many unwanted downtimes (shutdown, failures, lack of supplies) 

that has a significant impact on production efficiency. 

Figure 1 shows the simplified diagram of the production system after modernization. 

 

Figure 1 Simplified diagram of the concentrated zinc oxide production system in roll down furnaces 

There are three production lines in the company. Two of them are adapted to the manufacture of the 

concentrated zinc oxide from both the dust and zinc-bearing sludges (lines 1 and 6), while the third only 

processes sludges (line 2). After the system upgrade it was necessary to examine the effectiveness of 

individual lines. The complex technological process and the specifics of the used equipment influence the large 

number of breaks in the system operation. It has therefore been decided that the analysis should focus on the 

planned downtime and breakdowns of machinery and equipment included in the installation for the production 

of concentrated zinc oxide. TPM method elements were used [4], [5]. For each technological line OEE, MTTR 

and MTBF indices were assigned. 

2. PRODUCTION SYSTEM EVALUATION INDICATORS - TPM METHOD 

The common assumption of Lean Manufacturing methods is to create, keep and improve the continuous flow 

of material in the production system [6]. One of the methods of achieving this is to ensure the continuity of the 

work of machines, which is the primary purpose of the TPM (Total Productive Maintenance) method [7]. It is 

caused by the use of various indices, hence it is also an excellent method of availability analysis or machinery 

and equipment efficiency [8]. The main objectives of the TPM are: elimination (or reduction) of failures, 

minimization (shortening) of the repair times, elimination of micro downtime and reduction of losses. The most 

popular indices used in the TPM method are MTTR, MTBF and the most characteristic one - OEE. 

MTTR (Mean Time to Repair) determines the average duration of the repairing operation of the machine or 

device (or their group). It is based on the formula (1): 

d  « � ∑ \*�j1\ &1�*#

,�µ*\ '[ \*�j1\#                                                                                                       (1) 

MTBF (Mean Time Between Failures) determines the average time between failures or micro downtime of the 

machine or device. It is based on the formula (2): 

d �S � ∑&1�*# '[ �\'�*\ +'\�

,�µ*\ '[ �\'�*\ +'\� *¶*
&#                                                                                                (2) 

The main index of the TPM method is OEE (Overall Equipment Effectiveness), which determines, what 

percentage of theoretically achievable efficiency of machinery and equipment is currently being used. It is 
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specified by specifying separately the percentage indices of availability (A), performance (P) and the quality 

(Q). Finally: 

OEE = Availability x Performance x Quality x 100 % = A·P·Q·100 %                          (3) 

The first step in the production process analysis should be to identify the losses and their correct qualification. 

Then it is possible to determine the OEE and which of the sub-indices (A, P or Q) has the greatest impact on 

the functioning of the production system. 

3. ANALYSIS OF THE OPERATION OF PRODUCTION LINES 

The analysis was focused on the planned downtime and breakdowns of machinery and equipment included in 

the installation for the production of concentrated zinc oxide. The data related to the duration and the reasons 

of system downtime was collected over a period of one year, separately for each of the three technological 

lines [9]. The value of the indices is influenced by both the quantity and duration of planned downtime and 

failures. However unplanned system downtime is more problematic for the company. Due to the number and 

diversity of their root causes, failures are divided by their area of occurrence [10]. The following were 

monitored: rotary furnace failures, exchanger coolers failures, dust chamber failures, fan failures, filter failures, 

failures of pneumatic transport system of the product and slag reception system failures. 

Table 1 presents selected results of the system operation tests, and Figures 2, 3 and 4 show the shares of 

shutdowns during the annual operation of the system. 

Table 1 Summary table of selected results for the tested technological lines 

 
Unit 

Technological 

line no. 1 

Technological 

line no. 2 

Technological 

line no. 6 

Proper work time h/year 5,634 7,254.5 6,631.5 

Proper work time % 64.31 82.81 75.70 

Planned stoppages time h/year 1,999.5 996 797 

Planned stoppages time % 22.83 11.37 9.10 

Breakdowns time h/year 1,126.5 509.5 1,331.5 

Breakdowns time % 12.86 5.82 15.20 

 

Figure 2 Share of different failures - line no.1 
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3.1. Designation of the MTBF index for technological lines 

The MTBF was calculated using the formula (4): 

d �S1 � &··no

··o

                                                                                                 (4) 

where: 

tppri - the sum of the durations of proper operation for the i technological line (h), 

nppi - the number of events of proper operation for the i technological line. 

MTBF index for each technological line (h/year): 

d �S � 5,634
45 � 125.2 ,      d �S� � 7,254.5

38 � 190.9,        d �S§ � 6, 631.5
44 � 150.72  

 

Figure 3 Share of different failures - line no. 2 Figure 4 Share of different failures - line no. 6 

3.2. Designation of the MTTR index for technological lines 

The MTTR was calculated using the formula (5): 

d  «1 � &c°o

;o

                                                                                                             (5) 

where: 

tawi - the sum of the durations of repairs of the i technological line (h), 

nni - the number of repairs of the i technological line. 

MTTR index for each technological line (h/year): 

d  « � 1,126.5
53 � 21.25, d  «� � 509.5

49 � 10.38,      d  «§ � 1,331.5
51 � 26.1 

3.3. Designation of the OEE index for technological lines 

Designation of the availability factor A: 

u1 � �o0
�o�

∙ 100 %                                                                                                            (6) 

where:   

Ai1 - net operating time (available time) for i technological line (h), 
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Ai2 - operating time (net operating time - planned downtime) i technological line (h). 

u � 5,634
5,949.24 ∙ 100 � 94.70 %, u� � 7,254.5

7,764 ∙ 100 � 93.44 %,           u§ � 6,631.5
7,007.44 ∙ 100 � 94.64 % 

Designation of the performance of machinery and equipment factor Pi: 

Due to the continuous nature of the process, it is difficult to pinpoint the exact values of the coefficient of 

performance at any given time. Based on experience, however, it can be assumed that its decrease over the 

annual reference period should not exceed 5 % on average. In this case, Pi = 95 % was assumed for all 

technological lines. 

Designation of the quality factor Q: 

�1 � ¸o0
¸o�

∙ 100 %                                                                                                            (7) 

where [9]: 

Qi1 - Zn content in feed on i technological line (Mg), 

Qi2 - Zn content in product i technological line (Mg). 

� � 13,290.81
15,003.46 ¹ 100 � 88,58 %,      �� � 8,672.405

10,308.621 ¹ 100 � 84.13 %, �§ � 13,290.81
15,003.46 ¹ 100 � 88.58 %,   

A summary of the obtained results is presented in Table 2 and Figure 5. 

Table 2 Data of charge and product for each technological lines in the studied period (%) 

No. of lines Availability 
Ai 

Performance 
Pi 

Quality 
Qi 

OEE 

Line no. 1 94.70 95 88.58 79.68 

Line no. 2 93.44 95 84.13 74.68 

Line no. 6 94.64 95 88.58 79.63 

The value of the OEE index designated for the line no. 2 suggests that the system has the potential for 

improvements. The result of 74.68 % can be considered satisfactory, however it is relatively low in relation to 

the other two lines for which the OEE is 79.68 % for line no. 1 and 79.63 % for line no. 6. These are the results 

met at the global level. 

 

Figure 5 Graph of OEE indicators for the tested lines (%) 
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The cause of this difference is the fact that for line no. 2 another feed material was used and therefore the 

process was different. Nonetheless the possibility to improve the process and the results should be sought.  

4. CONCLUSION 

The analysis of index values for three factors distinguished when designating the OEE, allows to indicate the 

quality as the area of the largest potential for improvement. But because in this case the quality indicator is 

directly linked to the nature of the technological process, it is proposed to focus on failures that affect mainly 

the availability index. The collective results of determining the OEE, MTBF and MTTR indicators are presented 

in Table 3. 

Table 3 Summary table of results for the tested technological lines 

Factor Unit Technological 
line no. 1 

Technological 
line no. 2 

Technological 
line no. 6 

MTBF h/year 125.2 190.9 150.72 

MTTR h/year 21.25 10.38 26.11 

OEE % 79.68 74.68 79.63 

Table 3 shows that the MTTR, MTBF and OEE indicators are quite diverse. The lowest number of failures and 

downtimes occurs in the technological line no. 2. At the same time, this line is characterized by the lowest OEE 

index (OEE = 74.68 %). In the case of the line no. 1 and no. 6, further improvement requires reducing the 

failure frequency of devices (MTTR1 = 21.25 h/y, MTTR6 = 26.11 h/y - while line no. 2 more than two times 

less, MTTR2 = 10.38 h/y). Nevertheless, it can be concluded that the system works correctly after the 

modernization. One of the major goals of the study was to demonstrate, that the modernization of the zinc 

oxide manufacturing system structure Allows for the achievement of desired performance indicators (among 

others the capacity and availability, what is expressed in the OEE indicator value close to the global level). In 

this case the index of machines availability was particulary important. TPM - Total Productive Maintenance 

method was used in the study. The above analysis enabled to observe the number and frequency of failures 

of individual components included in technological lines no 1, 2 and 6. The summary and assignment of failures 

to the individual technological line allowed to identify the units that require attention in order to reduce the 

average failure time (MTTR) and thus to increase the production capacity of the concentrated zinc oxide. The 

calculations show clearly that the rotary furnace at all the analyzed technological lines is a component subject 

to the largest possible number of failures and it absorbs the most time to restore the availability of the entire 

technological line. For this reason, in order to increase the production capacity, it was proposed to eliminate 

its failure rate by the use of an industrial cannon from Winchester company. 

REFERENCES 

[1] OSTROWSKA-POPIELSKA, P., SOREK, A. Review and preliminary selection of technology for recovery 
technology of zinc from steelmaking sludge and dust. Prace Instytutu Metalurgii Zelaza. 2012, vol. 64, no. 4, pp. 

39-46. 

[2] MIZERNA, K. Mobility of heavy metals from metallurgical waste in the context of sustainable waste management. 

Economic and Environmental Studies. 2016, vol. 16, no. 4, pp. 819-830. 

[3] QUENEAU, P.B. Recycling Lead and Zinc in the United States. World of Metallurgy. 2015, no. 3, pp. 149-162. 

[4] KORNICKI, L., KUBIK S. (ed.). OEE for operators. Overall equipment effectiveness. Wroclaw: ProdPress.com, 
2009. 

[5] BICHENO, J., HOLLWEG, M. The Lean toolbox: The essential guide to Lean transformation. Johannesburg: 
Picsie Books, 2008. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1363 

[6] NYHUIS, P., WIENDHAL H-P. Fundamentals of production logistics. Theory, tools and applications. Berlin 

Heidelberg: Springer - Verlag, 2009. 

[7] ROTHER, M., HARRIS, R. Creating Continuous Flow. Wroclaw: Lean Enterprise Institute Poland, 2007. 

[8] KOLIŃSKI A., ŚLIWCZYŃSKI, B. Problems of complex evaluation of production process efficiency. Research in 
Logistics & Production. 2016, vol. 6, no. 3, pp. 231-244. 

[9] MICHLOWICZ, E., SMOLINSKA, K. Verification of the modernized technological process through TPM indicators. 
Logistics and Transport. 2018, vol. 37, no. 1, pp. 61-68. 

[10] MICHLOWICZ, E., SMOLINSKA, K. Productivity indicators in the modernized zinc concentrate production 
process. In: Conference Proceedings of International Conference on Metallurgy and Materials METAL 2018. 

Brno: Tanger, 2018, pp. 2042-2047. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1364 

TECHNICAL AND ECONOMIC MODEL OF METALLURGICAL EQUIPMENT FOR 

OPTIMIZATION OF MAINTENANCE 

Hana ŠPAČKOVÁ, Ivana BARČÁKOVÁ, Martin MENŠÍK, Jaroslav SLÁČALA, Jiří DAVID,      
Pavel ŠVEC  

VSB - Technical University of Ostrava, Faculty of Materials Science and Technology, Ostrava, 

Czech Republic, EU, hana.spackova@vsb.cz; ivana.barcakova@vsb.cz; martin.mensik@vsb.cz; 

jaroslav.slacala@vsb.cz; j.david@vsb.cz; pavel.svec@vsb.cz; 

https://doi.org/10.37904/metal.2021.4294 

Abstract 

The paper deals with the issue of decision support in maintenance management and its optimization. Today, 

there are many modern tools and methods to optimize operational operations and maintenance itself. The aim 

of the paper is to describe the creation of a technical and economic model of metallurgical equipment for the 

optimization of preventive maintenance. At present, attention is paid mainly to technical parameters, in contrast 

to economic indicators. Maintenance costs make up a large part of the operating costs of most manufacturing 

companies. Maintenance is often considered an economic burden, which only consumes considerable funds 

and does not create any on its own. Based on the reliability analysis of the data obtained in this way, a reliability 

model of the given production unit will be created, enabling in the on-line mode the prediction of the technical 

condition of the metallurgical equipment and possibly their defined machine nodes. The application of artificial 

intelligence methods will create software tools for computer support of organization and maintenance 

management, for operational production management in connection with systems for spare parts warehouse 

management, etc. The principle of the model will be demonstrated on the strategy of periodic preventive 

maintenance. The so-called combined approach will be applied for the solution of the model and the 

subsequent optimization of maintenance, which means that not only artificial intelligence methods are used to 

solve a certain problem, but a connection with some other method.  

Keywords: Metallurgy, maintenance control, neural-genetic system 

1. INTRODUCTION 

Industry and the economy as a whole are undergoing fundamental changes due to the introduction of 

information technology, cyber-physical and artificial intelligence systems in manufacturing, services and all 

sectors of the economy. The impact of these changes is so fundamental that they are referred to as the 4th 

Industrial Revolution (Industry 4.0). At the heart of this revolution is the connection between the virtual and 

cyber worlds and the world of physical reality. This brings with it significant interactions of these systems with 

the whole society, i.e. with the social world. From the point of view of modern systems theory, in connection 

with the 4th Industrial Revolution, there is talk of a cyber-physical-social-social revolution, which causes the 

interconnection of these systems. [1] 

It is not just a matter of technology and technical means. A significant change is the approach to the current 

concept of industrial automation. The expected benefits are based on new possibilities of creating added value 

made possible mainly by the use of data from interconnected systems and increased capabilities of automated 

decision-making mechanisms in industrial practice. From the point of view of companies, we can expect an 

increase in productivity and production efficiency, but also a reduction in the energy and raw material intensity 

of production.[2],[3] 
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The area of machine and equipment maintenance offers a wide range of applications in the field of data 

analytics. These are analyses of data from production systems and sensors, where, thanks to the modelling 

of the dependencies of individual parameters, it is possible to identify fault conditions that lead to a reduction 

in performance or technology failure before they occur. The outputs of these analyses should then enter into 

preventive and predictive maintenance plans in relation to the maintenance strategy.  

The above is also related to a new form of management and that is innovation management, which is a process 

of rational management of innovations and reflects the needs of both the customer and the manufacturer. 

Innovation management can be simply used to describe the processes of change management in the company 

structure. The starting point for increasing the efficiency of complex decision-making processes is the transition 

to decision-making, which is based on exact, scientific foundations. To increase accuracy means to use 

modelling and modern problem-solving methods. Modelling is the basic methodological basis for solving 

complex problems, the application of modern methods in the implementation of individual phases of the model 

is then a basic condition for its successful implementation. The introduction should provide a clear statement 

of the study, the relevant literature on the study subject and the proposed approach or solution. 

2. SPECIFICS OF MAINTENANCE OF METALLURGICAL EQUIPMENTS 

Maintenance of metallurgical equipment represents a specific management task, where the share of work, 

unlike most production activities, changes in both volume and variability over a short period of time. The result 

is a lower average utilization of employees, which adversely affects the company's economy. Maintenance 

affects the economy of a metallurgical enterprise in three ways: the duration of repairs directly affects the time 

utilization of production units, the quality of repairs determines the performance but also the time utilization of 

production equipment and thus production volume and finally maintenance significantly burdens production 

costs and significantly affects labor productivity. 

The issue of maintenance optimization is a multidimensional decision-making process that depends on the 

specific properties of the equipment, type, scope and frequency of maintenance operations. The frequency of 

maintenance interventions is conditioned on the one hand by a qualitatively objectively stochastic course of 

wear of individual parts of the equipment and on the other hand it is influenced by the extent and especially 

the moment of preventive maintenance interventions.  

The existing, so far generally used in metallurgy and a priori determined basic quality indicators (e.g. service 

life characterized by the number of cycles) are also significantly insufficient for evaluating, predicting and 

comparing the reliability of individual objects, and especially for monitoring the development of their quality, 

measures in production, maintenance, etc. It can be assumed that during long-term monitoring of metallurgical 

machinery and equipment and the resulting analysis of operating results, the course of basic reliability 

characteristics for most nodes and components will be significantly more complex than, for example, 

conventional bath curve of electronic components. that it will change not only with the operating time, but also 

with the repair and maintenance regime. 

When evaluating the reliability of metallurgical systems, the reliability of these systems will be significantly 

affected by the environment of the systems (i.e. the influence of climatic conditions, operating environment, 

quality of service, maintenance system, etc.). The results of laboratory tests and experiments of individual 

parts of the equipment in test rooms are valuable and often irreplaceable for comparison and analysis of the 

results of performed procedures, but they are difficult to use in their own operation. 

Basic statistical material must therefore be obtained from typical types of operation, and difficulties may be 

caused by unambiguous characteristics of the operating conditions. The methodology of monitoring and 

evaluation of metallurgical equipment is characterized by the following differences compared to the commonly 

used procedures in electronics: 
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 Most of the monitored components or nodes are repairable, while the degree of repair is directly 

dependent on the operational and technical consequence of the failure. 

 In the event of the occurrence of a larger number of monitored components in the repairable system, 

the exact moment of failure of a specific element is usually not known with the time lag - during 

evaluation. 

 Troubleshooting with relatively small operational consequences is often carried out only after their 
accumulation, usually during regular maintenance. 

 It is almost impossible for operational, economic or organizational reasons to ensure the monitoring of 

the reliability of medium and complex systems on homogeneous, statistically sufficiently large files, 

therefore it is always necessary to take into account a larger variance and perform its technical analysis. 

 Varying degrees of integration of the assessed product into a higher technological system, the overall 
reliability of which is affected on the one hand, and on the other hand is affected by failures of this 

system; from this point of view, different concepts of fault categorization, their definition and assessment 

of their consequences usually follow. 

 Different assessment of the states of the monitored product (for some products an approach 

characterized by distinguishing between fault-free and fault states is sufficient; for others, however, this 

distinction is too rough and multi-state models must be taken into account. 

 Various structural divisions of products and expected details of analyzes e.g., failure of its nodes and 

components. 

 Unequal means of experimental determination or verification of reliability indicators of specific products, 

 The overall diversity of maintenance and repair systems of the manufacturer and user (this often 

requires a specific definition of repairability or non-repairability of the product, but also affects the issue 

of code lists of basic terms, depth of analysis and related technical characteristics and relevant 

definitions). 

It follows from the above that one of the ways to prevent these failures and thus unplanned outages in 

production is to perform an ongoing assessment of the technical condition. This assessment provides basic 

input information to determine the probable point in time at which a facility will fail and need to be restored 

(perform replacement, maintenance, or repair). Above all, knowledge of this moment makes it possible to 

decide when and to what extent a recovery will need to be carried out and thus mitigate the effects of the 

impending failure, i.e. 

 Carry out recovery preventively outside the shift period and thus prevent downtime. 

 Carry out recovery preventively in order to prevent the occurrence of an emergency failure and at the 

same time to prevent the occurrence of subsequent failures. 

 Prepare organizationally and technically in time for the elimination of the fault. 

Determining this value represents a complicated problem of a technical-economic nature resulting from the 

following facts: 

 The instantaneous rate of changes in the technical condition of functional surfaces in operation has the 

character of a random variable. 

 Only a prediction based on probability can be made about the level of technical condition of the functional 

area at a certain moment. 

 All quantities and parameters based on or dependent on the rate of change of the technical state have 
the character of randomly variable quantities. 

If we start from the assumption that the technical condition of the building is expressed by the selected 

diagnostic signal, it is a basic question important for the area of reliability and recovery - when, i.e. at what 

value of the diagnostic signal, the recovery should be performed. Of course, the answer is that the moment of 
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recovery should be optimal, i.e. the technical state for recovery must be determined using the optimal value of 

the diagnostic signal, i.e. the problem of optimization criteria arises. 

It is also directly related to the following issues: 

 how to determine the specific value of security requirements, 

 what size the limits of the set parameters should be, 

 how much is the allowable reduction in operational efficiency, 

 which is the need to overhaul, etc. 

The current system of maintenance of metallurgical equipment is usually based on the performance of regular 

preventive maintenance supplemented by data from prophylactic inspections of equipment. These are 

performed at regular intervals, the length of which is determined by the degree of threat to the entire production 

process by the equipment or parts thereof. [4] The results of these inspections are recorded in the inspection 

reports and, on the basis of this information, additional preventive maintenance interventions are planned, with 

the aim of preventing operational failures and production downtime. Furthermore, faults and downtimes on 

individual devices are recorded daily. These data serve, among other things, as inputs for evaluating the 

effectiveness of maintenance. [5] The improved system will use the existing organizational structure of 

maintenance of metallurgical plants, but will change its management system. 

3. MAINTENANCE MANAGEMENT USING A NEURO-GENETIC SYSTEM 

The solution is based on a classical approach to this issue, e.g. [6], [7] where the basic step is to determine 

the moment of renewal for elements of complex objects, understood in this case in isolation, with temporary 

neglect of mutual states and connections with other system elements. This means that each element of the 

structural model of the device is considered for a given step as a separate system at a given resolution level. 

Because the time point of preventive maintenance is a random variable, we can consider the renewal as a 

stochastic process and in determining the optimal time interval of preventive maintenance based on the mean 

number of renewals H �t, u� in the interval (0; t) at the maintenance interval u (see Equation 1) 

»��, �� � 8{¼��, ��~ (1) 

where: 
 is  the number of faults in the interval 〈0; t 〉in the maintenance interval u, 

 
and from the cost criterion for medium maintenance costs in the form from Equation 2. 

 

���� � g ∙ »��, �� � g� ∙ »���, �� (2) 

where: 

C�u� are  the mean maintenance costs at the maintenance interval u, 

c1  is  the average maintenance cost of one broken element, 

H1�t, u� is the function of recovery of the broken element at time t at the maintenance interval u, 

c2  are the average maintenance costs of one intact element, 

H2�t, u� is the intact element recovery function at time t at maintenance interval u. 

The consequence of such an approach is the optimization criterion (see Equation 3), which results in a discrete 

value of the preventive maintenance interval at which the renewal of the element is optimal (economically most 

advantageous). 

���∗� � min ���� for � ¾ 0 (3) 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1368 

where  u* is the optimal maintenance interval, 

u  is the maintenance interval. 

To optimize maintenance based on the technical and economic model, it is necessary to monitor the following 

usually cost items, but also other indicators [8], [9]: 

 maintenance costs after failure (Nup) - costs for failures, holding stocks of spare parts and materials 

(hereinafter NDM), production losses, environmental impacts, safety, maintenance readiness), 

 costs of preventive maintenance (Npu) - costs of maintenance planning and NDM, costs of own 

preventive maintenance without costs of dependent failures, holding spare parts, production losses, 

environmental impacts, safety, maintenance readiness), 

 losses due to maintenance after failure (Zup) - consequence of failure - undesirable phenomenon (see 

Equation 4). 

ÂÃÄ � ÅÃÄ � ÅÄÃ (4) 

 operating time until blunt fault, 

 probability of failure F�tpu� depending on the time (predetermined interval) of operation to preventive 

maintenance tpu, 

 unit costs for diagnostics, etc. 

 
Figure 1 The structure diagram of such a neuro-genetic system 
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As a model of optimization of preventive periodic maintenance by the technical-economic model, a special-

purpose function in the form of unit costs for periodic maintenance is used. 

The proposed technical and economic model of equipment maintenance optimization has the character of a 

stochastic probabilistic neuro-genetic resp. neuro-evolutionary system. 

The core of the model is a neuro-genetic system to support process control using the capabilities of a neural 

network and the optimization capabilities of a genetic (evolutionary) algorithm solving a global optimization 

problem. The function of the purpose function of this system is performed by the neural part of the system in 

the form of a multilayer network of perceptron character. 

The structure diagram of such a neuro-genetic / neuro-evolutionary system is shown in Figure 1. 

4. CONCLUSION 

Using artificial intelligence methods, a solution to the global optimization problem will be created with the help 

of a neuro-genetic system that uses the capabilities of a neural network and the optimization capabilities of a 

genetic (evolutionary) algorithm. This neuro-genetic system uses the advantages of both of these methods of 

artificial intelligence, where the neural network is able to predict future values, i.e. prediction of the required 

values (states) and the genetic algorithm is then suitable for solving the optimization problem. In this case, it 

will be possible to predict future values from both operational and economic data using a neuro-genetic system. 

This calculation will serve as an input purpose function of the genetic algorithm, which then optimizes these 

predicted results. 
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Abstract  

A virtual foundry can be an opportunity and a tool for solving economically costly problems, which include 

complex training of employees or prediction of costs for foundry castings. Virtual foundry is the application of 

the principles of digital twins to the foundry industry. Despite the fact that some companies have already started 

to create digital twins, this is a complete novelty in the foundry industry. Virtualization has many undeniable 

advantages, including not only the visualization of the environment, as has been the case in the past, but also 

the interactivity of the environment and the possibility of calculations from various areas. The aim of this article 

is to present some of the modern trends of digital twins in connection with Industry 4.0 and also to present two 

possibilities how to create a virtual foundry. There are several ways to create a virtual foundry. The first option 

is to use the NavVis M6 scanning device, which is able to photograph the environment not only as a 

photograph, but also scan the environment as a cluster of points and then convert it to CAD as a 3D model or 

use the Indoor viewer software application for virtual browsing. The second option is to use a combination of 

Blender and Unity programs (which are suitable for creating interactive 3D environments) and the C # 

programming language for modeling metallurgical production units. 

Keywords: Digital twin, Industry 4.0, Virtualization 

1. INTRODUCTION 

In today's turbulent environment, where it is very important for businesses to remain competitive, companies 

often consider creating their own digital twin. In the automotive industry, this area is most developed, but for 

ordinary industrial companies from other sectors, the creation of their own digital twin is limited by many 

different factors. Specifically in the foundry industry, the area of virtualization or creation of digital twins is 

applied very little. It is also due to the specifics of the foundry industry. Whether it is the complexity of 

technology, complexity of operation or diversity of production (combination of serial and non-serial production 

of castings). The following chapters will define new trends in Industry 4.0 and options for creating a virtual 

foundry. 

2. CHANGES IN INDUSTRY 4.0 AND IOT 

It has been 10 years since the date of the fourth industrial revolution or industry 4.0 was first mentioned in 

2011. The original idea of this concept was to begin the emergence of so-called smart factories, which will use 

cyber-physical systems. These systems were to replace the simple and repetitive activities of people in order 

to streamline the entire company process. Over the past time, we can observe the very rapidly growing 

popularity of Industry 4.0. One piece of evidence of growing popularity may be a search for the keyword 

"Industry 4.0" in Google Scholar, which found 136 published items in 2011, found 5,300 items by 2015, and 

currently has more than 95,000 items. The goal of Industry 4.0 is continuously improve production processes 

through a high degree of digitization while realizing key business factors such as just in time ordering and 

receiving material, monitoring business processes by various stakeholders (from customers to managers) and 
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predictive maintenance [1]. On July 1, 2016, the project "Basic System Industry 4.0" (BaSys 4.0) was launched, 

funded by the Federal Ministry of Education and Research of the Federal Republic of Germany. This project 

is used to build an information system, thanks to which it will be possible to adapt the entire production to rapid 

changes. For example, when introducing the production of a new product, it will not be necessary to stop the 

entire production and reorganize the company, but to perform all the necessary actions "on the fly". BaSys 4.0 

has already acquired many key industry partners, such as Bosch, ABB and the SMS Group, which are investing 

heavily in Industry 4.0 to rapidly reduce operating costs and increase overall revenues [2]. 

The ubiquitous wireless communication and convergence of technologies have enabled the emergence of IoT 

- the Internet of Things, which is an integral part of Industry 4.0 and the digital twin field.  

2.1. Internet of Things 

The number of devices that are connected to the Internet is growing at an unprecedented rate. Globally, 127 

devices per second connect to the Internet that do not need a human intermediary to communicate with each 

other. More and more companies are embracing the digital transformation, and as a result, the world is 

experiencing a really large increase in the devices that are connected to the Internet of Things. These facilities 

have a wide range of uses, including energy and waste management systems, noise monitoring, temperature 

monitoring and NFC payments [3]. Table 1 shows a comparison of the number of facilities in previous years 

and a prediction of the number of devices in the future. 

Table 1 Number of IoT devices in the past and future. Own study according to [4]. 

Year Number of IoT devices (in billions) 

2018 7 

2019 26.6 

2020 31 

2021 35 

2022 42 

2025 75 

The total size of the IoT market should reach 26 trillion Czech crowns in 2026, and to some extent more than 

93 % of companies will use IoT technology. 

3. BENEFITS OF DIGITAL TWIN IN FOUNDRY INDUSTRY 

One of the many advantages of the digital twin of a real foundry is the possibility of training new employees 

without the need for the presence of an inexperienced employee in the often dirty and dangerous operation. 

Another advantage is the possibility of connecting real sensors to a virtual foundry. Thanks to data mining 

tools, it is possible, for example, to create formulas for calculating the consumption of heating medium, which 

is very advantageous for non-series production of castings [5]. Virtualization has many undeniable economic 

advantages, including not only the visualization of the environment, as has been the case in the past, but also 

the interactivity of the environment and the possibility of computations in various areas. To obtain the highest 

value from digital twins, the enterprise must address the digital ethics issues raised by different parties 

interacting with the data from not just the enterprise, but also its partners and customers. This will require the 

enterprise to think about the value of the data and its contributions to the business and partners, and also to 

identify potential areas where its customers or its own data could drive value but also could be at risk [6]. 
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3.1. Predictive maintenance in foundries 

The repeated wear and tear of industrial foundry systems, which arises from normal use, over time and also 

the effects of the environment, leads to accidental failures, despite the fact that they are designed with high 

quality. Cutting tools are subject to cumulative wear, hydrocarbon pipes are subject to corrosion, hydraulic 

structures are subject to erosion, and turbopumps that inject water into the equipment are often exposed to 

fatigue cracks. The failure of such systems causes damage not only to the foundry industry itself, but also to 

the environment. Of the existing solutions, predictive maintenance (PdM) seems to be the most suitable. It 

uses the collected status monitoring data to predict the future state of the system in real time and, based on 

this knowledge, enables maintenance decisions. As such, PdM allows you to save resources by performing 

the right and timely actions only when needed. This clear advantage, together with the expansion of computer 

monitoring technologies, has supported the rapid development of PdM models for constantly worn systems 

over the last two decades. PdM modeling basically involves four related steps [7]: 

 Continuous degradation modeling, 

 modeling of maintenance effects, 

 development of maintenance principles, 

 performance evaluation. 

To maintain competitiveness, predictive maintenance should become part of any integrated system, including 

its deployment in the digital twin of a real foundry. The following text shows two options for creating a virtual 

foundry according to authors previous research. 

4. SCANNING A REAL FACTORY USING NAVVIS M6 

The NavVis M6 internal mobile mapping system provides fast all-in-one mobile scanning. It captures its 

surroundings in full 360 degrees, both with photographs and so-called cluster points. The M6 is designed 

primarily for large-scale scanning projects where data quality is important. It can scan up to 30 times faster 

than stationary scanners and devices (motion is equal to the walking speed of the device operator) and capture 

up to 30,000 square meters per day and adapt to complex indoor 

environments. One operator is enough to assemble and 

disassemble the device, which facilitates transport. During mapping, 

you can adjust the height or hide the bikes inside as the corridors 

narrow or the ceilings drop. From start to finish, capturing reality with 

NavVis M6 is a hassle-free process. The data is stored on a 

removable solid state drive, can be easily transferred to 

workstations and processed using NavVis Sitemaker software. Data 

can be published in NavVis IndoorViewer or imported as a 3D model 

into CAD software. In the first case, it is possible to browse the 

environment on a computer or other smart device in a similar way 

as in Street View from Google Maps. In the second case, the 

environment can be browsed in CAD just like any other 3D object. 

The internal mobile map system NavVis M6 is shown in Figure 1. 

 

 

 

Figure 1 Internal mobile maping system NavVis M6 [8] 
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The M6 scanner uses SLAM anchors (accuracy of simultaneous localization and mapping) technology. SLAM 

is a technology originally developed primarily for the robotic industry, but is now increasingly used in geodesy 

and autonomous control technologies. SLAM solves a fundamental problem that has long plagued robotic 

engineers by allowing a device to determine its location while mapping an unknown environment by constantly 

performing the millions of measurements that underlie trajectory estimation [8]. Figure 2 shows the finished 

3D model of the building created by the M6 device and the additional programming of the properties of some 

objects. 

 

Figure 2 3D model of a building created by the M6 device [8] 

Despite the fact that the device is a great novelty, it is becoming more and more affordable. It is already offered 

for rent in the Czech Republic and Slovakia by two companies. 

5. CREATION OF A VIRTUAL FOUNDRY USING A COMBINATION OF BLENDER, UNITY AND C # 

PROGRAMMING LANGUAGE 

Blender is a free, open-source software application designed for creating 3D models. It supports a full range 

of 3D creation - modeling, animation, simulation, rendering, composition and motion tracking, game creation 

or video editing. Advanced users use the Blender API for scripting in the Python programming language to 

customize Blender to their needs, for example by writing code to create specialized tools or other plug-ins.  

Blender is cross-platform and can be run on Linux, Windows and Macintosh computers. Its interface uses 

OpenGL (Open Graphics Library - an industry standard specifying a multiplatform interface for creating 

computer graphics applications) to ensure a consistent experience. As a community project under the GNU 

General Public License (GPL), the public is entitled to make changes to the code base, leading to new features, 

bug fixes, and better usability of the application itself [9]. 
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Blender is an excellent software for creating individual models of foundry parts, because thanks to its modeling 

accuracy it is possible to create a one-to-one image of real components. However, only 3D modeling software 

is not enough to create an entire virtual foundry. The individual components need to be deployed in a virtual 

environment and their properties programmed. Software called Unity is suitable for this purpose. 

5.1. Software unity 

Unity is a cross-platform engine (central part of a software product) developed by Unity Technologies. Since 

2018, this engine has been extended to support more than 25 platforms, including Windows and Linux. This 

engine can be used to create two-dimensional or three-dimensional environments, to create virtual and 

augmented reality environments, or for example by simulations. All elements of the environment can be 

animated. During its existence, Unity has expanded beyond the video game industry to areas such as the 

automotive, architecture, engineering and construction industries, as well as filmmaking [10]. The great 

advantage of Unity is the ability to convert finished models from Blender directly into the scene. The user 

interface of the Unity software can be seen in Figure 3. In this example, a functional belt conveyor is shown. 

 

Figure 3 Software Unity user interface [11] 

Unity also offers the ability to program individual elements of the scene, most often in the C # programming 

language. Clicking on an object in the scene offers the option to open Microsoft Visual Studio (software for 

programmers), allowing you to assign an almost unlimited number of properties to the objects, including how 

they will be linked to each other or how they will respond to user suggestions.  

In a functioning virtual foundry, objects could be programmed so that when the user clicks on them, a window 

lights up and opens a window in which he sees the name of the object, its manufacturer, recommended service 

period including contact to the service center, warranty expiration date or date from sensors, such as the 

temperature of the object. As a result, technicians would not have to search for often forgotten paper 

documentation for equipment in the event of a fault or other event. It would be enough to turn on the virtual 

foundry application, come to the desired device, click on it and view the required information, all in one place. 
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6. CONCLUSION 

The authors of this article deal with virtualization in foundry, which is the application of the principles of digital 

twins to the foundry industry. In the previous text, some of the modern trends of digital twins in connection with 

Industry 4.0 and also two possibilities of how to create a virtual foundry were presented. The advantages of 

digital twins are indisputable, whether it is the visualization of operation, training of new employees, predictive 

maintenance or the creation of predictive models. The long-term goal of the authors is to create a digital twin 

of a real foundry. 
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Abstract 

The aim of this article is to identify the main risks in internal logistics processes in companies involved in 

metallurgical supply chains. The article also includes an initial proposal on how to work with and eliminate 

some risks. The main emphasis is on the evaluation of the internal logistics risks in "plan - production" chain. 

The methodological basis was a questionnaire survey and semi-structured interviews in selected metallurgical 

and related companies. The risks were identified and assessed in nine companies in different part of 

metallurgical supply chains.   

Keywords: Internal logistics processes, logistics risks, metallurgical supply chain 

1. INTRODUCTION 

In recent years, companies have seen an increase in many risky events, which subsequently disrupted logistics 

flows. These situations are the result of a large set of factors that need to be recognized and understood that 

risks in logistics arise not only outside but also inside company. The resulting side effects in any link in the 

logistics chain can spread and can subsequently affect the entire chain. It is therefore very important to identify, 

analyze and deal with the logistics risks in an appropriate way. Any risks incurred can therefore be defined as 

non-standard events that are likely to disrupt the smooth logistics flows. 

From the point of view of the future definition of logistics risks, we are therefore convinced that the following 

are most likely to occur: 

 does not meet the customer's requirements, especially in terms of time, quantity, quality and location,  

 compliance will be ensured at the expense of flow efficiency,  

 the existing logistical potential is not fulfilled, 

 there will be a non-standard use of the process, which will subsequently affect the standard flow - the 

creation of a precedent, 

 there is a financial loss at the expense of a non-standard procedure at the level of logistics, but also 
business costs. 

As part of long-term practice in various industries, the authors became convinced that the risk management 

process within internal logistics is not properly grasped and is not given sufficient importance. A general view 

based not only on practical experience, but also on the basis of discussions within the logistics community 

shows that all risk factors are perceived as external pressures and less reference is made to the internal 

environment of industrial companies.  

A clear indicator of this experience is also the recent global threat COVID-19, when companies were able to 

respond to external influences, such as setting safety stocks, hygiene aids, shift distribution, remote work, but 

failed to work effectively with internal process risks. Such internal risks identified by the pandemic included, for 

example:  
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 insufficiently erudite workers within the IS,  

 incorrectly set processes,  

 inappropriate procedures,  

 incorrectly set information flow.  

The subject of the article is therefore the area of internal logistics risks in a metallurgical enterprise and in 

enterprises with subsequent processing and their occurrence within the main and supporting logistics 

processes. The article also includes an initial proposal on how to work with and eliminate some risks. The 

article does not have the ambition to solve all logistics processes of companies, the main attention is paid to 

the logistics chain shown in Figure 1. It is the chain starting with the planning of material and capacity 

requirements and ending with the supply of production processes. The actual production and subsequent 

distribution logistics processes were no longer the subject of the research. The aim of this article is to identify 

the main risks in mentioned internal logistics chain in companies involved in metallurgical supply chains. 

 
Figure 1 Definition of the subject of research from logistics chain point of view 

2. LITERATURE REVIEW 

Currently metallurgical companies operate in a rapidly changing complex environment. Increasingly, their 

competitiveness depends on complex networks of partners, both in the supply chain, i.e. in terms of delivering 

goods and services in the right quantity, at the right time and in the right place, and under constant pressure 

on costs and quality. Similarly, companies are increasingly using sophisticated logistics strategies such as 

lean manufacturing and global resources to maintain a competitive advantage [1]. The rapidly changing 

complex environment and complicated logistics strategies of companies contribute to a higher level of 

vulnerability and risk in the logistics chain. As a result, organizations are increasingly exposed to unexpected 

influences that affect the entire operation of the logistics chain. 

Therefore, the need for a common approach to risk management is increasingly emphasized in the current 

literature and the key to achieving this goal is to facilitate supply chain integration [2]. An integrated supply 

chain is achieved by extending the scope of management inside and outside the company, involving suppliers 

and customers [3]. In-house integration enables the circulation of risk information between departments within 

the company, while inter-company integration improves the exchange of information between supply chain 

partners and helps them stay alert and respond quickly to disruptions through information sharing and 

coordinated operations [4]. Companies must therefore facilitate integration within and between companies in 

order to facilitate effective risk management throughout the supply chain.  
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Metallurgical companies face uncertainty at all levels of their business processes in the supply chain, and this 

uncertainty can negatively and positively affect the company's goals. If a company has a sound framework for 

identifying and assessing risks, it can manage risks arising at any level [5], distinguishing between internal and 

external risks. Zhao et al. [6] classify supply chain risk into three categories: internal risks, supply-based risks 

and demand-based risks. Internal risks are risks that occur within companies and can be divided into two levels 

- strategic and operational. Strategic risk is associated with corporate policies and decisions [7,8]. Conversely, 

operational risks are associated with the day-to-day running of the company, such as machine failure, lead 

times, IT problems, human error and technological change [9]. Internal integration refers to the degree to which 

a company structures its own organizational strategies, procedures and processes for collaboration, 

synchronized processes to meet the requirements of its customers and to work effectively with its suppliers 

[10]. Risk management in the logistics chain refers to a coordinated approach of members of the whole chain 

to identify and manage risk in the internal chain in order to reduce the vulnerability of the chain. Such an 

approach is developed through the adoption of various risk management procedures, which include the basic 

aspects of risk identification, assessment of risk sources, monitoring and risk mitigation throughout the logistics 

chain [11].  

3. RESEARCH RESULTS 

The aim of the research was to derive directions based on the knowledge of the causes of internal risks, which 

should be followed by the methodology of internal logistics management in order to increase the very resilience 

of the entire internal chain to internal and external influences. 

A questionnaire survey and semi-structured interviews were used to identify critical internal logistics risks. The 

questionnaire is structured into primary risk areas, which correspond to the analyzed part of the internal 

logistics chain. The separate areas then reflect the partial risks that occur in companies. Within the 

questionnaire and semi-structured interviews, individual respondents comment on the severity of the risk in 

the form of a subjective point scale, where 5 expresses the worst risk and 1 then the lowest risk. 

In order to obtain answers to the defined questions, the address of a group of companies focused on 

metallurgical production and their subsequent use in the production process was applied. Companies from the 

demand side of metallurgical supply chains was selected to have also metallurgical or material processing 

production (see Table 1). 

Table 1 Respondents 

Company  Branch of business 
Metallurgical and material processing 
related scope of business (according to 

Czech law) 

TŘINECKÉ ŽELEZÁRNY, a. s. Metallurgy Foundry, forging, galvanization, machining 

BONATRANS GROUP a.s. Metallurgy, Engineering Foundry, forging, machining 

Vyncke s.r.o. Engineering Machining 

TATRA TRUCKS a.s. Automotive Machining 

ŠKODA AUTO a.s. Automotive Foundry, forging, metalworking, galvanization  

Brose CZ spol. s r.o. - plant I Automotive Galvanization, machining 

Brose CZ spol. s r.o. - plant II Automotive Galvanization, machining 

Brose México, S. A. de C. V. Automotive Galvanization, machining 

Sodecia Safety & Interiors 
Leskovec, s.r.o. 

Automotive - 
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The questionnaire contained 11 questions. The input logic for formulating the questions was 9 specified areas 

of internal logistics, see the Figure 1. Each of the sections was elaborated into the card itself and was divided 

into sub-questions. Closed questions prevailed, but with the possibility of written additions. Data collection was 

performed in the second half of 2020 and in the first quarter of 2021. The data were grouped and the individual 

responses revealed three main risk areas: 

1) Material and capacity planning - 3.67 average numbers of points of the logistics risk severity. As the 

main risks were identified: (a) Customer request change last minute (75 %), (b) Insufficient 

communication (13 %), (c) EDI data upload errors (12 %). 

2) Customer connection - 3.56 average numbers of points of the logistics risk severity. As the main risks 

were identified: (a) Planning outside of ERP system (57 %), (b) Inaccurate data (29 %), (c) Insufficient 

ERP settings (14 %). 

3) Scheduling and workshop planning - 3.56 average numbers of points of the logistics risk severity. As 

the main risks were identified: (a) Last minute changes (63 %), (b) Breakdowns (13 %), (c) Capacity 

(13 %), Other risks (11 %). 

All surveyed companies were involved in global logistics chains, which means that the international setting of 

internal logistics systems to meet international needs and be competitive prevails. 

4. DISCUSSION AND CONCLUSIONS 

Among the internal logistics risks, which the respondents mentioned according to their experience, were 

identified customer changes influencing the material and capacity planning, internal settings of the ERP system 

in form of planning outside the system and changes directly in the workshop. The conclusions of the individual 

answers lead to the main risk result, which leads to problems associated with planning from the perspective 

of both the external and subsequently the internal process. 

Today’s business is customer-driven, so it is no surprise that six out of nine respondents cited customer change 

as the biggest risk, which in turn affects internal processes. In this regard, the coordination of individual 

requirements is important. Not to perceive them as dogmatic, but to try to find a mutually satisfying path. Within 

the internal setup, this is the first and often one of the most important inputs for a smooth production plan. The 

correct setting and use of the information system leads to this coordination of individual requirements. 

Grouping individual requirements or partial production steps into larger production slots. 

Quality planning and management in manufacturing companies is one of the basic prerequisites for success 

in today's competitive environment. Given the complexity of planning processes and the large number of 

parameters that affect this activity, anarchy does not pay off. Manage production processes more efficiently 

and monitor costs more consistently. Facilitate cooperation with subcontractors and business partners. All this 

brings the use of an information system which includes any planning system. Nowadays at least MRP II, but 

in the case of competitive struggle already APS. 

If we have production well described by a technological process, it is possible to use computer technology to 

compile a plan. Production on production lines can be processed very well in information systems, where 

orders run immediately after each other (serial production) and line time is essential here. The moments that 

affect one's own planning are related to the complexity of the production technology used. In such a process, 

the process of setting, reprogramming or calibrating the production line is usually crucial. 

A key advantage is the identification of the bottleneck through which the contracts pass. Then it is possible to 

make perfect use of this workplace by determining the order in which orders are passed. Other operations are 

planned around a key production process. So far, we have omitted an important part of the planning process 

- material planning. It is perfectly understandable that without material it is not possible to produce and its lack 
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is critical for the completion of production on time. In order to ensure a timely and smooth delivery of the 

material, it is necessary to pay sufficient attention to ordering it. 
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Abstract 

The 13th Five-Year Plan for Economic and Social Development of People’s Republic of China lasted from 2016 

to 2020. During the period, Chinese steel enterprises have maintained the status of “high yield, high inventory, 

high cost”. Since the “Supply-Side Reform” started in 2016, the supply and demand situation has been 

improved, with price and production quantity both increasing. This article provides the model built upon the 

panel data of Chinese 29 listed steel companies from 2016 to 2020 and studies the impacts of supply chain 

concentration and lead time towards inventory performance from the perspective of Chinese listed steel 

companies. The study reveals that the shorter the purchase lead time and sales lead time of the steel 

companies, the higher the inventory turnover, while purchase concentration of these companies has no 

significant influence on inventory turnover. 

Keywords: Supply chain, steel, inventory performance, panel data model 

1. INTRODUCTION 

In 2020, China’s yield of crude steel had broken through 1 billion tons for the first time, and reaching 1.053 

billion tons, which was 5.2 % higher than the production in 2019. In the past years, China’s steel industry has 

suffered considerably from serious inventory problems as witnessing a high-level yield. In 2011, the average 

inventory proportion among Chinese steel companies nearly reached 30 % while the industry started the 

"Supply-Side Reform" at the beginning of the 13th Five-Year Plan in 2016. Under this situation, it is significant 

to research the actual performance of the reform from the inventory performance of Chinese steel industry. 

The present studies on inventory performance mainly focus on the aspects of products or models. Based on 

strict hypotheses and deductions, their effectiveness and universality still require to be examined by more 

empirical studies. Studies on inventory performance at the whole level of enterprises, especially the ones 

based on objective data, are still relatively insufficient nowadays. By sorting out empirical articles themed on 

inventory management, people can perceive that the attention has been paid predominantly to the impacts of 

the enterprises' self-factors and external macroeconomic factors on inventory while the influential factors by 

upstream raw material suppliers and downstream customers in the supply chain are less considered. 

Therefore, from the perspective of supply chain, this article will research various data, including supply chain 

concentration, lead time, and inventory performance of 29 domestic listed steel companies from 2016 to 2020, 

comprehensively consider the influential factors related to upstream raw material suppliers and downstream 

customers, and discuss the impacts of purchase lead time, purchase concentration, sales concentration and 

sales lead time upon inventory performance under the premise of controlling the self-factors of enterprises and 

external macroeconomic factors. 
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2. LITERATURE REVIEW  

By setting three dependent variables of inventory holding level, inventory holding days, and inventory turnover 

as main streams, this article reviews the existing literature and summarizes the core factors affecting them and 

the outcomes.  

As for studies about influential factors for inventory holding level, Roumiantsev et al.[1] find that the higher the 

demand uncertainty, the longer the purchase lead time and the higher the gross profit margin, the higher the 

inventory holding level; the higher the inventory holding cost and the larger the sales scale, the lower the 

inventory holding level. Quanwu Zhao et al.[2] conduct empirical studies and conclude that the bigger the 

inventory proportion of China's manufacturing companies, the higher the gross profit margin, the larger the 

company scale and the longer the lead time, the higher the inventory holding level.  

Chen et al.[3] observe the impacts towards inventory holding days by introducing four macroeconomics 

variables of interest rate, GDP growth rate, inflation rate and PMI index into the model. However, the result 

shows that the above elements have not posed an significant impact to the decrease of the average holding 

days of total inventory and WIP inventory of US listed manufacturing companies from 1981 to 2000. Based on 

this, Chen et al.[4] continuously research US listed companies in the retail and wholesale industry from 1981 

to 2000 and reached an aligned conclusion. The latest study indicates that the long-term data of 9 out of 14 

US manufacturing industries support the conclusion of the lower the inventory level is, the better the enterprise 

performance, though the inventory level of different industries at different phases has posed different impacts 

on the performance[5].  

Balakrishnan et al.[6] explores the influence of inventory turnover by taking 36 US companies adopting JIT 

production mode from 1985 to 1989 as samples and find that the lower the customer concentration, the higher 

the ROA, and the higher the ROA, the lower the inventory turnover, especially for WIP inventory. Gaur et al.[7] 

has developed an empirical model with the financial data of 311 US listed companies in the wholesale industry 

from 1987 to 2000, reflecting that the higher the gross profit margin, the lower the inventory turnover; the higher 

the fixed assets proportion and the higher the actual sales and forecast ratio, the higher the inventory turnover. 

They also correct the inventory turnover according to the gross profit margin, fixed assets proportion and sales 

forecast deviation to make it possible for inventory turnover to be applicable to performance analysis and 

decision-making. On the basis of above studies, Garu et al.[8] further investigate how the company scale and 

sales growth rate affect inventory turnover with data of 353 companies from 1985 to 2003, concluding that the 

larger the scale and the higher the sales growth rate, the higher the inventory turnover; when sales decrease, 

the decline speed of inventory turnover is considerably faster than the increase of inventory turnover when 

sales boosts Quanwu Zhao et al.[9] have launched an empirical study with the financial data of Chinese listed 

companies in the clothing manufacturing industry. They unveil that the higher the gross profit margin, the lower 

the inventory turnover, the larger the fixed assets proportion, the higher the inventory turnover, and the sales 

turnover rate is more sensitive to inventory turnover than sales growth when sales decline. Later, they have 

also systematically investigated the status quo of the inventory management of domestic retail enterprises. 

Studies reveal that there is no correlation between gross profit margin and inventory turnover but the impacts 

of fixed assets proportion towards inventory turnover remain the same as that of domestic clothing 

manufacturing industry and the impact of sales growth rate on inventory turnover is more obvious when sales 

decline[10]. Hong Cai et al.[11] choose Chinese listed companies in the clothing manufacturing industry as 

samples, figuring out that inventory turnover has a significant negative correlation with lead time, gross profit 

margin and inventory proportion, and features a significant positive correlation with company scale.  

In summary, scholars’ studies on factors influential to inventory focus mainly on the self-factors of enterprises 

and external macroeconomics factors while rarely extend the attention to the upstream and downstream of 

supply chain to consider the influence from upstream raw materials suppliers and downstream customers. 

Hereby, this article will stress studying if the concentration and lead time of the supply chain, especially for the 

ones of steel companies, can affect inventory turnover and the degree of impact. 
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3. HYPOTHESIS PRESENTATION 

This article refers to the measurement method of purchase lead time used by Roumaintsev et al. [2], with the 

turnover days of accounts payable as the measurement factor. The length of purchase lead time will affect a 

company's inventory level of raw materials. The extension of purchase lead time will increase the delivery time 

interval of raw materials and companies need a higher level of inventory to maintain the production demand 

when waiting for the supplement of raw materials. The calculation formula of classical safety inventory proves 

this effect as according to it, the purchase lead time of raw materials is positively related to safety inventory. 

Since the safety inventory is an important element of raw-material inventory, hereby the longer the purchase 

lead time, the higher the inventory level, and the lower the inventory turnover.  

Hypothesis 1: Purchase lead time is significant negatively correlated with inventory turnover of steel 

companies. 

Supply chain concentration refers to the concentration degree of core raw-material suppliers, customer 

numbers and transaction volume of manufacturing companies. Serving as a valuable reflection of supply chain 

partnership, it includes the purchase concentration in the upstream of the supply chain and the sales 

concentration in the downstream [12].  

The higher the purchase concentration, the fewer suppliers and the higher transaction volume with core 

suppliers, and it represents a close partnership relationship. It can impact the inventory turnover of steel 

enterprises from two aspects: on the one hand, reducing the number of suppliers can enhance the information 

sharing among supply chain partners and leverage the agility of the supply chain, hereby can shorten the lead 

time, reduce inventory, and incline the inventory turnover [13]; on the other hand, it can help companies 

execute inventory strategies such as VMI, JIT, and CPFR. Through empirical studies, Quanwu Zhao et al. 

prove that the partnership relationship measured by purchase concentration has positive impact on inventory 

turnover [14].  

The higher the sales concentration, the fewer the number of customers, the higher the sales volume with core 

customers, and the closer the partnership. It can pose an influence on the inventory turnover of steel 

companies from two aspects. On the one hand, the higher the sales concentration, the fewer the number of 

downstream customers. Cachon and Olivares [15] perceive that fewer customers can lead to a decreasing 

magnitude of demand change, a lower level of inventory, and a higher inventory turnover. On the other hand, 

the higher the sales concentration, the better the information sharing and communication efficiency between 

steel companies and downstream customers. It can reduce the influence of bullwhip effect, reduce uncertainty 

of demand, and boost the inventory turnover. Besides, by virtue of panel analysis, Quanwu Zhao et al. [16] 

figure out that the higher sales concentration of domestic manufacturing industry, the higher the inventory 

turnover.  

Hypothesis 2: Purchase concentration is significant positively correlated with inventory turnover of steel 

companies. 

Hypothesis 3: Sales concentration is significant positively correlated with inventory turnover of steel 

companies. 

Drawing on the measurement method of purchase lead time, this article expresses the sales lead time with 

days sales outstanding. By increasing credit sales, companies expand market share, resulting in the rising of 

accounts receivable, decline of cash flow, and inclining of sales lead time. However, the inventory risk and the 

level of inventory can be reduced, with inventory turnover leveraged. Yongjun Li [17] analyzes the operation 

performance of listed steel companies with a method named principal component analysis. He finds that there 

is a certain negative correlation between inventory turnover and accounts receivable turnover. The shorter the 

sales lead time, the faster the company's payment collection, the more cash flow, and the more budget can be 

paid for inventory, the more stock that a company will prepare for maintaining customer demands. In this way, 
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the degree of inventory rises, and the turnover goes down. Hereby, this study will first assume that the inventory 

turnover of steel companies is negatively correlated with sales lead time.  

Hypothesis 4: Sales lead time is negatively correlated with the inventory turnover of steel companies. 

4. SAMPLE, VARIABLE AND MODEL SELECTION 

In this article, by determining the research samples and variables, collecting relevant cross-section data and 

time series data, and then the panel data models was established for analysis.   

4.1. Study Sample 

After screening, this article sets the study samples as 29 Chinese listed companies whose main business is 

steel manufacturing. The chosen samples are industrially representative which ensures that the study outcome 

is instructive to the inventory management of steel industry. Data used in this article is collected from Wind 

database, annual reports of these companies, and Chinese Statistical Yearbooks. By removing missing values 

and outliers, this article finally gains 145 samples to examine the hypotheses.   

4.2. Definition and Measurement of Variable 

To examine the hypotheses, this article investigates the relationship between inventory turnover and purchase 

lead time, purchase concentration, sales lead time, and sales lead time based on the financial index of listed 

companies. Simultaneously, it checks the four factors' impacts on inventory turnover under the premise of 

controlling the companies' characteristic variables (scale, gross profit, and type) and macro factors (annual 

growth rate of total investment in fixed assets for the whole society and GDP annual growth rate). The analysis 

of each index is displayed in Table 1. 

Table 1 Definition of Variables 

Variable Type Definition 

IT explained variable inventory turnover 

PLT explanatory variable purchase lead time: turnover days of accounts 

payable 

PC explanatory variable purchase concentration: proportion of purchase 
amount of top 5 suppliers 

SC explanatory variable sales concentration: proportion of revenue of top 5 
customers 

SLT explanatory variable sales lead time: days sales outstanding 

S control variable of company characteristics scale: operation revenue 

GM control variable of company characteristics gross profit margin: gross profit margin of sales 

PT virtual control variable of company characteristics type: 0 general steel, 1 special steel 

TFAIGR control variable of macro factors rate of total investment in fixed assets for the whole 
society 

GGDP control variable of macro factors GDP annual growth rate 

4.3. Panel Data Model 

Here, the first panel data model is established on the data of listed steel companies.and then the second panel 

ata model is established by adding macro factors. 
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Model 1 

��s� 1& � 	 � ���sxi 1& � ����sx�1& � �3��s��1& � �¥��s�i 1& � �¦��s�1& � �§��s�d1& � �¨x � �1 � ©1&      �1� 

e stands for a certain company, � stands for the year, �1 � ©1& is the disturbance, �1 is the individual 

characteristics that are unobservable and unchanged over time, and ©1& is the disturbance changes according 

to individuals and time.   
Equation (1) mainly studies the impacts of purchase lead time, purchase concentration, sales concentration, 

and sales lead time towards inventory turnover, under the premise of controlling company characteristics. 

Model 2: 

��s� 1& � 	� � ���sxi 1& � ����sx�1& � �3��s��1& � �¥��s�i 1& � �¦��s�1& � �§��s�d1& � �¨x �
�Ç Su��« � �È���x& � �1 � ©1&                                                                                                                                    (2) 

Based on equation (1), equation (2) introduces two control variables of macro factors which are the rate of 

total investment in fixed assets for the whole society and GDP annual growth rate. On the one hand, it intends 

to investigate the impact of macro factors on inventory turnover of steel companies; on the other hand, it aims 
to observe how the four factors mentioned can influence inventory turnover after macro factors are eliminated.  

5. EMPIRICAL RESULTS AND ANALYSIS 

First of all, the study operates descriptive statistics and a multiple collinearity test on the explanatory variables 

involved in Model 1 and Model 2.  

Table 2 Descriptive Statistical Analysis 

Variable Observations Mean Std.Dev. Min Max 

IT 145 1.867 0.773 0.269 8.028 

PLT 145 3.926 0.627 2.663 6.366 

PC 145 3.652 0.591 2.02 8.037 

SC 145 3.121 0.586 1.621 4.568 

SLT 145 1.813 1.535 -3.262 4.942 

S 145 5.57 1.207 1.909 8.022 

GM 145 2.582 0.948 -1.552 11.78 

TFAIGR 145 0.991 0.0787 0.868 1.081 

GGDP 145 105.8 1.773 102.3 107.0 

From Table 2, it can be found that the extreme value gaps of inventory turnover (IT), purchase lead time (PLT), 

and purchase concentration (PC) are high while their standard deviations are not large, meaning that the 

overall difference of inventory turnover (IT), purchase lead time (PLT), and purchase concentration (PC) 

correspondingly are not large. Sales lead time (SLT), scale (S), and gross profit margin (GM) are not only 

having relatively obvious differences in extreme value gaps, but also all feature a standard deviation more than 

1, which means that the data difference among sales lead time (SLT), scale (S), and gross profit margin (GM) 

is considerable. Therefore, it indicates that the sales lead time and operation scale of different steel companies 

vary profoundly. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1386 

Table 3 Multiple Collinearity Test Results 

 log S log SLT log SC log PLT log PC log GM GGDP TFAIGR 

VIF of Model 1 1.92 1.78 1.42 1.32 1.19 1.07   

VIF of Model 2 1.96 1.78 1.42 1.34 1.19 1.09 1.33 1.4 

By launching VIF test on the above variables, it can be told that the VIF values of all variables are less than 5, 

reflecting that there is no serious multiple collinearity problem and the regression analysis at the next step can 

be carried out. 

Table 4 Test of Model Selection 

Model Selection Test Method Model 1（P Value） Model 2（P Value） 

OLS & FE F test Prob>F=0.0052 Prob>F=0.004 

FE &RE Hausman test Prob>chi2=0.9175 Prob>chi2=0.8187 

From Table 4, when Model 1 and Model 2 passed F test respectively, P value rejected OLS model at 1 % 

significant level. Then the two models were tested by Hausman test correspondingly, with the outcome 

indicating that we cannot reject the hypothesis that the disturbance term �1  is not related to the explanatory 

variable. Hereby, the random effect model shall be adopted. 

 
Figure 1 Panel Analysis Results of Model 1 

 

Figure 2 Panel Analysis Results of Model 2 
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According to Figure 1 and Figure 2, the following results are reached:  

Purchase lead time has incurred a significant negative impact upon enterprise inventory turnover, which is 

consistent with the classic inventory model and supports the hypothesis 1. As steel companies are faced with 

challenges such as the raw-material purchase is distant, high cost, large volume and risky, and out of stock is 

intolerant in production, they need set a lead time to prevent the uncertainty of suppliers’ arrival and ensure 

the continuous production. In practical operation, since steel companies can not be sure about the accuracy 

of the delivery time, they usually reserve a certain buffer for the delivery date, causing a long lead time. 

However, the prolonging of lead time cannot only increase the volume of safety inventory, but also worsen the 

demand fluctuation caused by bullwhip effect, which then results in an increasing order quality of raw materials, 

a high level of inventory of raw materials, and a decreasing inventory turnover. 

The steel industry is a resource intensive industry, which means that the stability of acquiring raw materials 

plays a vital role in production performance. The hypothesis 2 has not been supported, reflecting that purchase 

concentration poses no significant positive impact on inventory turnover of steel companies. It might because 

that more than 70 % of China’s steel companies’ demand upon upstream raw materials is solved by importing, 

external factors such as the Sino-US trade war worsening the instability of raw-material supply during the 

period of 13th Five-Year Plan, and the rapid development of Chinese economy enlarging the demand of steel, 

steel companies have witnessed a rising trend in both inventory turnover and demand for raw materials. 

Hereby, to ensure the agility and elasticity of supply chain, companies have extended the supplier base, 

leading to the decreasing proportion of top 5 suppliers.  

Sales concentration can generate significant positive impact on the inventory turnover of steel companies, with 

hypothesis 3 supported. By leveraging sales concentration, integrating the downstream of supply chain, 

building a close partnership with core customers, companies can realize the sharing of inventory information, 

production planning information, and demand forecast information, eliminate uncertainty of demand, decrease 

inventory level, and incline inventory turnover. 

Sales lead time can incur significant negative impact on the inventory turnover of steel companies, with 

hypothesis 4 supported. Credit sale is a common scenario among both domestic and foreign steel listed 

companies. Since most of the listed steel companies in Chine are operated by the central government, they 

always have various financing channels. In the past years, when domestic steel companies could not collect 

payment from customers in time, they could leverage the company to maintain normal operation, which 

resulted in their little attention to payment collection. However, since the deleveraging of steel industry after 

the launch of “Supply-Side Reform” in the steel industry in 2016, companies must value the speed of payment 

collection to reduce the debt ratio. Hence, from the analysis results, during the 13th Five-Year Plan period, 

China's steel companies have fulfilled stable and efficient improvements in the task of reducing leverages. 

6. SUGGESTIONS 

Based on the study outcomes, suggestions for the steel companies are:  

 Shorten the purchase lead time, strengthen delivery coordination with suppliers, and minimize the 

inventory level in the case of ensuring daily production. According to the study described in this article, 

it has been proven that the purchase lead time has a negative impact on inventory turnover. As a longer 

lead time will result in a lower inventory turnover, a high inventory level will influence the enterprise's 

inventory performance.  

 Increase the concentrations (purchase concentration and sales concentration) of supply chain, integrate 
and optimize the supply chain, focus on improving the inventory turnover by establishing long-term and 

stable partnerships with core suppliers or customers, and enhance the controlling towards purchase and 

sales channels. 
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 Pay special attention to the integration and cooperation with core upstream raw-material suppliers, as 

well as supplier management. As supply chain management regards customers as the development 

orientation, enterprises tend to value customer management while neglecting supplier management. 

The outcome of this article reveals that the hypotheses on purchase concentration in the two explanatory 

variables related to the supplier level have not been supported, which indicates that on the supply chain 

of Chinese steel companies, the upstream ironstone suppliers occupy monopoly positions and steel 

companies are disadvantaged in negotiations. Moreover, as the price of ironstone keeps rising, Chinese 

steel companies shall never ignore the integration and cooperation with suppliers when attaching 

importance to supply chain elasticity.  

 As steel industry is a pillar industry of the nation, steel companies are suggested to closely keep track 

of the development of the global economic situation and national economic policies, adjust production 

plan according to the actual market demand, and continuously strengthen the "Supply-Side Reform". 

Besides, companies shall avoid expanding the investment on fixed assets and production capacity 

blindly or else it may result in the overstocking of inventory and a drop in profit. 

7. CONCLUSION 

Through the study, it can be concluded that during China’s 13th Five-Year Plan, the purchase lead time and 

sales lead time of steel companies have incurred significant negative impact upon inventory turnover. Sales 

concentration is positively influential to inventory period apparently while purchase concentration has no 

significant impact on that. As inventory is a common challenge faced with steel companies, the competition 

between companies has evolved into competition between supply chains. To consider inventory problems from 

the perspective of supply chain is of cardinal importance for steel companies at this moment. Though according 
to the analysis outcome of this study, the inventory performance during the period of 13th Five-Year Plan has 

been effectively improved when compared to the situation at the beginning of the 21st Century, companies 

shall still comprehensively take the impacts of related upstream and downstream factors upon inventory into 

consideration, decrease inventory level, and boost the inventory turnover. 

REFERENCES 

[1] ROUMIANTSEV, S., NETESSINE, S. What can be learned from classical Inventory models: A cross － industry 

empirical investigation. Manufacturing & Service Operations Management. 2007, vol. 9, pp. 409-429. 

[2] ZHAO, Q.W., LIAO, Y.H., HUANG, Y.F. An empirical study on inventory performance of manufacturing sector in 
China: Based on Public-listed companies data from 1997 to 2010. Journal of Applied Statistics and Management. 

2012, vol. 31, pp. 207-216. 

[3] CHEN, H., FRANK, M.Z., WU, O.Q. What actually happened to the inventories of american companies between 

1981 and 2000. Management Science. 2005, vol. 51, pp. 1015-1031. 

[4] CHEN, H. FRANK, M.Z., WU, O.Q. U.S. Retail and wholesale inventory performance from 1981 to 2004.  

Manufacturing & Service Operations Management. 2007, vol. 9, pp. 430-456. 

[5] SHIN, H., WOOD, C.C., JUN, M. Does effective inventory management improve profitability empirical evidence 
from U.S. manufacturing industries. International Journal of Information Systems and Supply Chain Management. 

2016, vol. 9, pp. 26-45. 

[6] BALAKRISHNAN, R., LINSMEIER, T.J., VENKATACHALAM, M. Financial benefits from JIT adoption: effects of 

customer concentration and cost structure. The Accounting Review. 1996, vol. 71, pp. 183-205. 

[7] GAUR, V., FISHER, M.L., RAMAN, A. An econometric analysis of inventory turnover performance in retail 
services. Management Science. 2005, vol. 51, pp. 181-194. 

[8] GAUR, V., KESAVAN, S. The effects of firm size and sales growth rate on inventory turnover performance in the 
U.S. retail sector. Supply Chain Management. 2008, pp. 25-52. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1389 

[9] ZHAO, Q.W., HUANG, Y.F., ZHU, D.L. An empirical study of inventory productivity of apparel & foot wear industry 

in China--Based on public-listed companies data from 1996 to 2008 in Shanghai and Shenzhen. East China 
Economic Management. 2009, vol. 23, pp. 131-137. 

[10] ZHAO, Q.W., HUANG, Y.F., BU, X.Z. An empirical study of inventory turnover performance of retail sector in 
China: Based on public-listed companies data. Journal of Industrial Engineering and Engineering Management. 

2010, vol. 2, pp. 48-55. 

[11] CAI, H., GAM, X.Y., ZHOU, J.R.  Research on textile and garment supply chain inventory control and enterprise 

performance management. China Management Informationization. 2010, vol. 3, pp. 84-87. 

[12] DANNY L J., WILLIAM F. W, ZACH G. Z. Concentrated Supply Chain Membership and Financial Performance: 

Chain-and Firm-level Perspectives. Journal of Operations Management. 2010, vol. 28, pp. 1-16. 

[13] CHEN, I.J., ANTONY, P., AUGUSTINE, A.L. Strategic Purchasing, Supply Management, and Firm Performance. 

Journal of Operations Management. 2004, vol. 22, pp. 505-523. 

[14] ZHAO, Q.W., WANG, Q., HUANG, Y.F. An empirical study on relationship between supply chain partnership of 

medication industry in China and enterprise performance. Logistics Technology. 2009, vol. 28, pp. 173-220. 

[15] CACHON, G.P., OLIVARES, M. Drivers of Finished - Goods Inventory in the U.S. Automobile Industry. 

Management Science. 2010, vol. 56, pp. 202-216. 

[16] ZHAO, Q.W., WANG, Q., HUANG, Y.F. An empirical study on relationship of supply chain partnership and 

enterprise performance from manufacturing industry in China. East China Economic Management. 2010, vol. 24, 
pp. 128-131. 

[17] LI, Y.J. Analysis of operation of listed steel companies at home and abroad. China Steel Focus. 2012, vol. 7, pp. 
33-37. 

  



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1390 

INTELLIGENT FLOWMETERS FOR METALLURGICAL INDUSTRY 

1Ondřej KOZINSKI, 2Miroslav KLUS, 3Jan BŘEZINA 

1,2,3VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, 

ondrej.kozinski@vsb.cz, miroslav.klus@vsb.cz, jan.brezina@vsb.cz 

https://doi.org/10.37904/metal.2021.4298 

Abstract 

In the global metallurgical industry, the volume of products produced is currently growing, and there is also 

pressure to reduce input costs while evenly increasing output quality and occupational safety. One of the ways, 

in which this can be achieved is to focus on the correct measurement of individual process variables already 

during the technological process. In most metallurgical plants in Central Europe, standard measuring devices 

without advanced functions have been used for many years, however, in connection with the Industry 4.0 

trend, it is important to allow remote operators to monitor, configure and also analyze traffic at individual 

measuring nodes, or service the device on-site. without telephone contact with the operator and the need to 

shut down the entire technological unit. This article is devoted to the analysis of the current possibilities of 

measuring the flow of liquid media and then there is a part that deals with the development of a new type of 

sensor, which has these functions and will directly contribute to the gradual reduction of production costs. 

Undoubtedly, the undeniable advantage of this research is that the device can be configured during its 

production so that it can be used in manufacturing companies outside the heavy industry. 

Keywords: Flow meter, heavy industry, liquid, velocity, measuring 

1. INTRODUCTION 

With the roll-out of Industry 4.0 and the associated cost reductions in the near future, manufacturing companies 

will start to install measuring devices that are more accurate, less disruptive, and offer more functions than 

traditional and dedicated solutions. Flow sensors are one of the most widely used measuring devices in the 

metallurgical industry. The main problem today is that metallurgical production often takes place in specific, 

sometimes even extreme conditions, and therefore when servicing the measuring equipment, it is necessary 

to manually remove the equipment from the circuit, install a by-pass, take the equipment away, perform service 

operations and then reassemble. All this takes a lot of time and employs several people, while some, especially 

software service operations can be performed with remote access to the equipment and in this operation, it is 

not necessary to shut down a specific technological circuit but this can be done from the command room, 

which is a huge advantage for night shifts when there are not so many maintenance technicians present in the 

company. It also has the opposite advantage in that the service can be performed by a technician directly on 

the built-in industry display and sees in real-time how the device behaves and whether the service operation 

was performed correctly. There is a large number of principles that are used to measure the flow of media and 

therefore there are several basic types of flow meters.  However, the difference between mass and volume 

flow measuring must be explained. 

2. PRINCIPLES OF FLOW MEASURING 

2.1. Volumetric flow rate 

The volume flow rate of the medium Qv is the volume of the medium that passes through the conduit in a 

certain time unit. A unit is a cubic unit of volume divided by a unit of time (1). To determine the volume that 
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has flowed over a time derivative, it is often used to calculate the flow velocity of a medium in a pipe of a known 

cross-section. In this calculation, however, it is assumed that the medium fills the entire volume of the tube, 

which is not always true. However, the flow rate can also be measured using a pressure differential. 

Sometimes, however, it is also necessary to correct the flow due to changes in temperature and pressure. 

However, when measuring the volumetric flow of vapors and gases, corrections must always be made - due 

to the easy compressibility of the flowing medium and thus possible rapid changes in the input constants over 

time [1]. 

�¶ � ÉÊ
)&                 (1) 

where: 

Qv - volume flow (m3⋅s-1) 

V  - fluid volume passed through sensor (m3) 

t - time (s) 

2.2. Mass flow rate 

The mass flow rate Qm is the mass of the substance which has flowed through a certain point in the pipeline 

per unit of time (2). This method can be measured in two ways - thermal mass flow meters and also flow 

meters whose measurement is based on the Coriolis principle [1]. 

�� � ÉÏ
)&                                (2) 

where: 

Qm - mass flow rate (kg⋅s-1) 

m - weight of fluid flowed through (kg) 

t - time (s) 

2.3. Velocity flow rate 

The velocity flow rate is defined as the mean velocity of the particles flowing through a tube of strictly defined 

cross section (3). 

�# � ÉÐ
)&                (3) 

where: 

vs - velocity flow (m⋅s-1) 
s - orbit of one single particle (m) 

t - time (s) 

3. TYPES OF FLOW METERS  

Cross-sectional flow sensors 

These sensors gradually throttle the channel, causing a differential pressure in front of and behind the throttle 

element within the measuring line. The pressure difference between the two points is measured by a differential 

pressure gauge. It means that it is dependent on the speed of the flowing liquid. The final flow can be easily 

calculated by the Bernoulli equation. Throttling elements within cross-sectional flow meters are mostly orifices 

or nozzles. A special case is a knee - in this case, the pressure is measured on its inner and outer sides [1]. 
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Float flow sensors (rotameters) 

A conventional rotameter consists of a truncated cone tube, that extends upwards. In the middle of the tube is 

a float, which is hit by a liquid stream and lifts it towards a wider cross-section. The float is raised to a position 

proportional to the flow velocity. This implies that the flow of the medium is sensed from the current position of 

the float. All rotameters are very simple sensors with minimal pressure loss. 

Vane and turbine flow sensors 

Sensors of this type to measure the flow rate. The liquid medium flowing through the device transmits kinetic 

energy to suitably arranged vanes of the body, which cause it to rotate. The difference between the turbo meter 

and the turbine flowmeter is in the axis of rotation of the housing. If the axis of rotation is in the flow direction, 

it is a turbine flow meter. If the axis of rotation is perpendicular to the direction of the fluid flow, it is a vane 

sensor [2]. 

Vortex flow sensors 

A shell of a suitable shape (triangle, arrow, etc.) is inserted into the flow channel, which, upon the impact of 

the flowing liquid, causes vortices to be sensed. The frequency of vortices is directly proportional to the velocity 

of the liquid before the obstacle [2].  

Ultrasonic flow sensors 

The ultrasonic waves are transmitted by a channel through which the liquid flows obliquely to the opposite 

side, and thus is partially carried by the flowing medium. At the same time, the time it takes for this signal to 

pass from the transmitter to the receiver is recorded. Often, the waves are sent in both directions - in the 

direction and against the direction of the liquid flow. Then the difference between the two is calculated, which 

is proportional to the flow velocity. 

Coriolis flow sensors 

It is a pipe that is usually anchored at two extreme points. The flowing fluid causes vibration of these points 

and then senses its position at two points equidistant from the anchorage points. Due to the liquid being under 

the influence of the Coriolis force, the tube vibrates asymmetrically, and the mass flow, which is independent 

of temperature, pressure or viscosity, can be accurately measured on the basis of variations at the individual 

points. 

4. PROPERTIES OF CURRENT SENSORS 

Flow sensors are currently available in many designs, depending on the parameters of the medium to be 

measured, the ambient conditions, and other individual requirements. In general, however, a conventional 

device of this type consists of a tube through which the measured liquid passes and an evaluation unit with a 

display that shows the actual value. This unit is supplied with power and there is also an output, which 

subsequently transmits a signal to the control system. This is often a 4-20 mA current loop. Often there is also 

the possibility of communication with other protocols, e.g. RS485 or MODBUS. It is usually a small, black and 

white display, showing analog values and enabling device settings. The unit is often grounded by routing to 

the metal body of the flow tube. Some types of flow meters also have a thermometer measuring the current 

temperature of the medium.  

The fact is, that the vast majority of sensors currently on the market are not in direct competition with this newly 

developed device, since they usually deal with the measurement of only one or two different physical 

quantities. In this case, however, four quantities will be measured, which are extremely important for the proper 

functioning of chemical processes. Commonly offered sensors are not directly oriented to specific requirements 

and the production environment metallurgical industry. It is also important to mention that there are currently 

no devices on the market that have the ability to self-control and auto-configure if an error occurs in the device. 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1393 

These advanced features will already be implemented in the device firmware and will directly contribute to 

reducing maintenance costs. 

 

Figure 4 Drawing of the flow meter measuring system and its visualization. Source: (own) 

5. INTELLIGENT FLOW SENSOR DEVELOPMENT 

The professional focus of the author is control systems, sensors, and the Industrial Internet of Things (IIoT). 

According to his own experience in the metallurgical industry, when servicing flow sensors during their 

operation, it is demanding to find the cause of the current failure. This is usually done through phone 

communication with the operator and administrator of the control system. However, this is not always possible 

because of the noisy, hot, or explosive environment [3]. Due to the lack of adequate technical solutions on the 

market to facilitate these situations, the author of the article decided to develop a new type of intelligent flow 

sensor in cooperation with technological and metallurgical companies (Figure 1). Turbine measurement was 

chosen as a suitable principle due to its easy construction, high accuracy, and low-pressure drop [4].   

Most flow sensors that operate with a mechanical principle use the principle of the magnetic bonds for hermetic 

separation of the speed counter from the chamber in which the medium flows. These devices are called dry 
dial meters [5-7]. Their opposite is wet dial meter, in which the reading mechanism is usually completely 

immersed in water. Although these wet meters are popular, however, they are more sensitive to signal 

interference or blocking the reading of data by strong magnetic fields that occur in metallurgical production 

very often [8-10]. It is possible to use the Hall effect sensor to detect the speed of individual magnets inside 

the dry dial, thanks to the magnetic coupling mechanism. The disturbing effects of the environment can be 

reduced through the implementation of more Hall sensors [4]. 

5.1. Microcontroller and electronic devices 

A new generation of Nvidia Jetson seems to be a suitable microcomputer for this application. This unit will 

include a color display, about 7 "- 8" diagonal (Figure 2).  

The display will be waterproof and resistant to adverse effects due to the frequent placement of flow sensors 

in outdoor or aggressive environments. A great advantage will also be the ability to control the display with a 

hand wearing a glove. In the chemical and heavy industry, the need to wear OSH aids and take them off at 

each patrol is not ideal. 

On this screen, it will be possible to monitor various actual values for the pipe and the medium flowing in it. An 

essential part will be the possibility to adjust the upper and lower limits of the measured temperature and flow. 

When exceeded or below the threshold, signalization will be triggered on the local display and at the operator 

station in the control room. The problem will be also signalized by a local light banner with a sound signal and 

by light alarm describing the current cause. This device will be able to not only measure the flow, but also 

viscosity, acidity, and temperature (Figure 2). One of the main advantages over other devices on the market 

will be that the device will "self-check" at cyclic intervals and immediately inform the operator and maintenance 
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personnel if it detects a fault [5,11]. At the same time, if the fault matches any of the predefined failures from 

the database, an attempt will be made to auto-configure and solve the problem without the need for human 

intervention. Of course, there will be the possibility of communication using several communication protocols, 

a conventional 4-20 mA current loop and also wireless communication, and also the possibility to communicate 

by industry RJ45. 

 

Figure 5 Newly developed flowmeter with microcontroller and other electronic devices.  

Source: (own) 

6. CONCLUSION 

In conclusion, this type of device has a high chance of commercial success due to the fact, that there are 

currently no similar sensors on the market, that allow such expanded control options, such as a local color 

display with the ability to show trends of individual values in real time and also track trends from the past, set 

alarms, reset or set the device's internal configuration. The vast majority of companies specializing in 

metallurgical production in Central Europe address these needs using independent hardware assemblies, 

which are common sensors along with external computing units, often of the PLC type, which are located at a 
greater distance in the control room or server room. As already mentioned, devices that are multifunctional 

and directly reduce input costs due to more accurate measurements and faster analysis of production process 

data are very popular items on the market. The safety of maintenance staff and quality controllers, who will no 

longer have to physically inspect equipment located in hazardous locations, cannot be neglected. Research 

has also led to cooperation with an international metal company, which has promised partial co-financing for 
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research into the device, so that there is a high probability that the device will be the new standard, launching 

a new era of measurement and analysis in heavy industry, particularly in areas described in [12-15]. 
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Abstract  

The aim of the paper is to analyze and describe current usage of project management methodologies  

in foundries in Europe, Middle East and Africa (EMEA) region that produce castings for automotive, aerospace 

and oil & gas industry. The research goal is to present which project management methodologies are currently 

the most used and together with that which project managers certification in the research sample. The goal  

of the paper is also to evaluate the differences between medium size and large size foundries that are also 

presented in results and discussion of the paper. 

Keywords: Project, foundry, methodology, casting 

1. INTRODUCTION TO THE RESEARCH 

Effective project management methodology is important and one of the key company areas to cover 

competitiveness and to ensure final customer satisfaction together with profit maximization. [1] 

1.1. Theoretical Background - Project Management Methodologies 

Project management has a main goal - to set the tools and guidelines to deliver projects outputs within the key 

parameters - on planned time, in calculated costs and in required quality of product or service. These days, 

we can find many standards, norms, recommendations how to manage projects. [2] However, there are 

following most useful standards that are respected worldwide: 

 Project Management Body of Knowledge (PMBOK) - This standard is owned and managed by 

Project Management Institute (PMI) in USA. This standard has more than 265 000 members in more 

than 170 countries. PMBOK has been established in seventies. Basic idea of PMBOK is process attitude 

of project management. PMBOK defines five main process groups, nine areas of knowledge, forty-two 

processes and their connection. Every single process has defined inputs and outputs and tools. The key 

aspects of PMBOK are framework, activity-focused, customer requirements driven. PMBOK also offers 

project managers certification. [3] 

 Projects in Controlled Environments (PRINCE2) - Owner of this standard is Office of Government 
Commerce (OGC) in United Kingdom. PRINCE2 is focused on seven principles, seven processes and 

seven topics. It is important to understand the principles as for every project an attitude is little bit 

modified, but the centerline remains. The key aspects of PRINCE2 are methodology, deliverable-

focused and business case driven. PRINCE2 offers project managers certification. [4] 

 IPMA Competence Baseline (ICB) - International Project Management Association owns the standard. 

Comparing to PMBOK and PRINCE2 that are focused on processes, IPMA is focused on abilities and 
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competencies of project, program and portfolio managers and their teams. The philosophy of IPMA has 

three key areas - technical competencies (methods, techniques and tools), behavioral competencies 

(soft skills) and context competencies (system and integration knowledge and skills). These key areas 

then defined basic elements and connection for every part of project team. Also, IPMA offers project 

managers certification. [5] 

 ISO 10 006 - Comparing to PMBOK, PRINCE2 and IPMA, ISO 10 006 is not a complex project 

management standard but standard of quality in project management. ISO 10 006 is guideline how to 

describe management of projects in company environment.  If a company is ISO 9000 certified and 

works on project too, project management should be described in accordance with ISO 10 006. [6] 

2. LITERATURE REVIEW  

The most important point of project management methodology choice is to identify which one covers all of the 

requirements from the strategic, business and project perspective. [7] 

It is impossible to say that PRINCE2, PMBOK or IPMA is the best way how to manage the projects in general. 

The purpose of project management methodology is to propose and define unique set of tools and activities 

needed to produce required project product in scheduled time plan, planned costs and in required quality. The 

most useful methodologies in the world are PRINCE2 and PMBOK followed by IPMA. PRINCE2 has its 

popularity and usage especially in the European companies and PMBOK is very useful in United States. [8] 

The process of PMBOK guide project managers in planning, execution, observing and control, close, concept, 

feasibility, plan and progress, application and realization, production stage and finishing process phases. 

PRINCE2 process define how to start up, introduce, control, manage boundaries and product delivery and how 

to close a project. The biggest difference of these methodologies is in the attitude. PMBOK is driven by 

customer requirements and PRINCE2 is driven by business case. [9]  

Current literature offers many researches focused on project management methodologies.  

Authors of [10] research presented that PRINCE2 methodology, using the planning suspects of work 

breakdown structure, activity networking and scheduling is very similar with PMBOK which is the key for project 

managers. Another research [11] presents that it is hard to say which methodology is the most suitable 

because it depends on the company culture, goals and environment. Research outputs [12] presents the 

importance of IPMA methodology especially in companies where the project managers have a key role. 

Authors of research [13] tried to analyze and evaluate all aspects, benefits, advantages and disadvantages of 

project management methodologies but as the result of the paper, they describe that it is individual to define 

which methodology is suitable for each enterprise and it is connected with many factors.  

Based on these facts, we can see that there are advantages and disadvantages for every project management 

methodology. 

3. METHODOLOGY OF THE RESEARCH 

Goal of the paper has been set to analyze and describe current usage of project management methodologies 

in foundries in Europe, Middle East and Africa (EMEA) region based on 2020 data. Academics defined 

following project management methodologies options in questionnaire to be evaluated - PMBOK, PRINCE2, 

IPMA, ISO 10 006, OTHER, N/A (not applied). Three research questions were formulated: 

1) Which project management methodologies are currently used in EMEA foundries? 

2) How many project managers of EMEA foundries have project management certification? 

3) What are differences in project management methodologies and project managers certification in 

medium size and large size foundries? 
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3.1. Collection of research data 

The data were collected in 2020 based on questionnaire that was send into 51 foundries in EMEA region. 

Totally 38 replies have been collected so the success of return was 74.5 %. The structure of our research 

sample was following: 

 25 medium size companies - foundries (51-250 employees), 

 13 large size companies - foundries (251< employees). 

All foundries included in our research produce metal castings for: 

 automotive, aerospace, oil & gas industry. 

4. RESULTS OF THE RESEARCH 

Chapter presents findings of project management methodologies usage research in foundries in EMEA region. 

Figure 1 presents the data which project methodologies are currently used the most in foundries. 

 

Figure 1 Usage of project management methodologies in EMA foundries 

Based on the Figure 1, we can see that the biggest portion has PRINCE2 - 17 foundries (44.7 %). PMBOK is 

used by 9 foundries (23.6 %). IPMA is implemented only in 3 companies (7.9 %). The same result as IPMA, 

has a combination of PRINCE2 and ISO 10 006 - 3 (7.9 %). Combination of PMBOK and ISO 10 006 is used 

in 1 foundry (2.6 %). Based on the data in Figure 1, we can say that ISO 10 006 is not used separately. There 

are also 5 representatives (13.1 %) of N/A which means that 5 companies don´t use any project management 

methodology. 

Figure 2 shows the comparison of project management methodologies usage between medium size and large 

size companies. The results presented in Figure 2 shows that for medium size foundries of our research, the 

most useful project management methodology is PRINCE2 - 13 companies. The second position is for PMBOK 

- 7 companies. Interesting finding is that all 5 foundries that do not use any of project management 

methodologies are from medium size companies. IPMA and combination of IS0 10 006 with PRINCE2 or 

PMBOK is not used in research sample of medium size foundries. Related to the large size foundries, we can 

see every foundry of our research uses one of project management methodologies. The most useful 
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methodology is PRINCE2 - 4 companies and PRINCE2 together with ISO 10 006 - 3 companies. The same 

result as mix of PRINCE2 and ISO 10 006 has IPMA - also 3 companies. The rest of the sample is connected 

with PMBOK. PMBOK only - 2 representatives and PMBOK with ISO 10 006 - 1 representative. 

 

Figure 2 Medium size and large size foundries usage of project management methodologies  

Figure 3 presents the outputs of how many project managers have a certification of project management 

(PMBOK, PRINCE2, IPMA, Other or N/A). Totally 149 project managers are working in our research sample 

(81 in middle size foundries and 68 in large size companies). 

 

Figure 3 Project management certifications of project managers 
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The results from Figure 3 presents that 65 (43.6 %) project managers don´t have any project management 

certification. The most popular certification is PRINCE2 - 45 (30.2 %) and the second one is PMBOK - 22 (14.7 

%). Only 4 project managers have IPMA certification (2.7 %). 13 project managers (8.7 %) have Other 

certification internal or external out of proposed options. 

Figure 4 presents the comparison of project managers certification between medium size and large size 

foundries. 

 

Figure 4 Medium size and large size foundries project manager certifications 

Based on Figure 4 results, we can see that the most uncertified project managers could be find at medium 

size foundries - 52 (34.8 %). However, also in large size companies there are uncertified project managers - 

13 (8.7 %). The most popular certification is PRINCE 2 (medium size foundries - 9 project managers (6.0 %) 

and in large size companies - 36 project managers (24.2 %)). PMBOK is in the second position (medium size 

foundries - 7 project managers (4.7 %) and in large size companies - 15 project managers (10.0 %). There are 

also 4 project managers with IPMA certification (2.7 %) and small amount of project managers with another 

type of certification - 13 (8.7 %). It is usually internal company internal certification, external training or agile 
(scrum) certification. 

5. DISCUSSION AND CONCLUSION OF THE RESEARCH 

The goal of the paper and research to analyze current usage of project management methodologies and trend 

of project manager certifications in foundries in EMEA region was fulfilled. The research questions were 

answered: 

1) Which project management methodologies are currently used in EMEA foundries? 

The most popular project management methodology in EMEA foundries is PRINCE2 (44.7 %) and the second 

one is PMBOK (23.6 %). IPMA methodology is used at the same level as combination of PRINCE2 and ISO 

10 006 (7.9 %). Combination of PMBOK and ISO 10 006 has only 2.6 %. There are also 13.1 % of companies 

that do not use any project management methodology. 
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2) How many project managers of EMEA foundries have project management certification? 

Based on our research, we can say that from total amount of 149 project managers, totally 65 (43.6 %) are not 

certified. 84 project managers have a certification of project management. 45 project managers (30.2 %) have 

PRINCE2 that is the most popular one. PMBOK certification has 22 project managers (14.7 %). Only 4 project 

managers have IPMA certification (2.7 %) and 13 project managers (8.7 %) have Other certification. In this 

Other group, internal or external certifications out of proposed options (f. e. Agile/Scrum) are included. 

3) What are differences in project management methodologies and project managers certification in 

medium size and large size foundries? 

From the project management methodologies perspective, medium size foundries have implemented only 

PRINCE2 and PMBOK or do not have any project management methodology. On the other hand, large size 

foundries have the biggest portion also in PRINCE2 and PMBOK, but we can find also IPMA and combination 

of ISO 10 006 with PRINCE2 or PMBOK.  

Related to project managers certification, medium size foundries have 55 from 81 project managers without 

any certification and the rest of 26 project managers have PRINCE2 (9), PMBOK (7) or Other (13) so the 

biggest portion is in Other group that includes internal training or external certification. From 68 project 

managers of the large size foundries, we can see that the most useful is PRINCE2 (36), followed by PMBOK 

(15). In the large size companies, there are also IPMA certified project managers (4). Only 13 project managers 

are not certified. 

The research provides overview of project management methodologies usage and project managers 

certification trend in EMEA foundries. The sample of our research is relatively small but reliable. Future 

research could be focused on deeper analysis of usage in specific countries or regions around the whole world. 
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Abstract 

Maintaining competitiveness is becoming increasingly difficult, not only for industrial companies in an open 

economy. Especially in times of extended crisis, only those who respond most quickly to change will succeed. 

The implementation of tools for Industry 4.0 can reduce an employer’s dependence on human resources and 

thereby increase the flexibility of the company in responding to the needs of their customers. Experience with 

the use of Industry 4.0 technology has proved greater efficiency in material flows and therefore the use of 

available resources in all branches of industry.  

Industry 4.0 will create the conditions for the emergence of new business models and production processes. 

As a result, it will be possible to achieve a new level of mass production taking into account the individual 

wishes of customers. It will reduce the energy and raw material intensity of production, enable the maximum 

use of residual materials as input components into the subsequent production process and increase the 

efficiency of the use of non-recycled waste within the company. 

The paper presents selected elements of Industry 4.0 which could improve the efficiency of resource use in 

the metallurgical industry in the future. The aim of the article is to define recommendations based on not only 

positive but also negative experiences which can assist other companies in managing their material flows more 

efficiently as a result of application of the Industry 4.0 tools.  

Keywords: Metallurgy, Industry 4.0, efficiency 

1. INTRODUCTION 

The production and processing of iron and steel is historically one of the most intensive operations in terms of 

input material consumption, energy use and human labor costs. An increase in the proportion of automation 

in the smelter will lead to products with higher utility value and better sales. However, in such an energy-

intensive sector as metallurgy, it is understandable that certain limits exist. Through research in the literature, 

the paper summarizes the effect that the introduction of Industry 4.0 will have on the efficiency of use of 

material resources in metallurgical companies. 

2. INDUSTRY 4.0 

Industry 4.0 can be characterized as the next stage of development (it is directly referred to as a revolution) in 

the digitalization of the manufacturing sector, which is subject to several factors: increasing computing power 

and improved possibilities in interconnecting machines and objects (Internet of Things), but also within 

individual services (Internet of Services) and people (Internet of People). An increase in generated and 

processable data (Big Data) through the use of various sensors is the result, including better mappable human-

human, human-machine or machine-machine communication. It is the communication between machines and 

machines with people (physical and virtual world) resulting from the many innovations and developments in 
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the field of Artificial Intelligence (AI). These technological transformations are then reflected in the advent of 

autonomous robots, advanced computer simulations and virtualization, decentralized control from cloud 

storage, additive production using 3D printers and augmented reality [1]. 

The Industry 4.0 concept is very technologically demanding. It requires the quick and accurate acquisition of 

large amounts of information and subsequent processing and storage in secure repositories. The basic 

assumptions include CPS (Cyber-Physical Systems), Internet of Things (IoT), Sensors, Data Mining and Big 

Data, Artificial Intelligence for Systems Management, and Systems Security [2]. 

Visual concept of Industry 4.0 is in Figure 1. Figure display inputs (raw material, energy and information) and 

outputs (products, waste.). With the simultaneous action of CPS, IoT, 3D Print, Big Data and clouds. At the 

upper part of the figure are listed acquired capabilities or benefits such as: 

 efficiency, 

 flexibility, 

 agility, 

 modularity,  

 customization,  

 real-time data, integration,  

 prediction, 

 simulation, tracking,  

 self- control,  

 intelligent learning.  

 

Figure 1 Industry 4.0 concepts 

3. MATERIAL DEMANDS IN METALLURGY 

The economy is exceptionally demanding with respect to material resources. Although domestic material 

consumption (DMC) has fallen by 13.9 % since 2000 and halved since 1990, it reached 155 million tonnes in 

2013. In per unit of GDP terms, this means that in 2013, 39 kg of material was consumed per CZK 1,000 of 
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GDP, one third of the level of the early 1990s. The composition of material resources has not changed 

substantially since 1990, with construction raw materials and coal mining being the main contributors. 

 Industrial minerals, ores and products made from them account for less than 10 % of total DMC. Given that 

the total volume of matter in DMC continues to decrease significantly, the stable representation of individual 

components means that the consumption of coal, ores and construction materials is decreasing. One special 

material/energy resource is water, mainly because there is little water retention in the landscape, while drawing 

surface water accounts for more than 40 % of the total volume used in the energy sector, and another fifth in 

industry and raw material extraction [3]. 

4. IMPACT OF INDUSTRY 4.0 ON THE METALLURGICAL INDUSTRY 

With its new automation possibilities, Industry 4.0 promises indisputable benefits to manufacturers of smelters 

and rolling mills. These usually large, complex and technologically demanding devices include the entire 

portfolio of energy supply, electrical engineering and automation technology. Most tailor-made solutions 

usually involve individually tuned processes with appropriate automation solutions [4]. 

In the field of metallurgical production, a good foundation has been laid for the expansion and further 

construction of cyber-physical systems. This opinion can be supported by several considerations. Most 

technologies in the metallurgical industry (from the production of pig iron, steel, foundry technologies and other 

technologies to support systems such as heating furnaces and the like) are equipped with control systems 

which meet one component of cyber-physical systems, namely feedback [2]. 

For most manufacturing companies, a standard reactive approach to equipment maintenance means 

downtime in the event of failure and the associated financial loss caused by production outages and repairs. 

Companies are therefore increasingly switching to preventive maintenance under Industry 4.0, which, although 

slightly more time-consuming at the beginning, clearly guarantees a lower incidence of breakdowns. However, 

one of the disadvantages of a preventive maintenance plan may be that preventive interventions generate 

expenses which can often be unnecessary, and as a result, may not guarantee the efficiency of the process. 

Often, components are inspected or replaced significantly earlier than their actual service life-for assurance-

to prevent them from failing during production. However, the risk arises that if equipment is used improperly or 

is inadvertently overloaded, some components may wear out more quickly than originally planned [5]. 

It cannot be assumed that the average consumer will be interested in whether the product they have selected 

has been manufactured with a minimum of energy consumption since their decision will likely be based on the 

final selling price. Clearly though, a reduction in the energy intensity of production is very likely to be reflected 

in a lower product selling price (or in the producer's ability to manipulate margins), therefore providing an 

undoubtable competitive advantage [6]. 

5. DIRECTIONS OF FURTHER DEVELOPMENT 

The COVID-19 crisis may accelerate the digital transformation of Czech companies. More than half of the 

survey participants conceded that they will invest more in Industry 4.0 technologies because of the experience 

they gained from the crisis. It is good that companies are also aware of the benefits of the Industry 4.0 concept 

from the perspective of increased resilience to crisis and recession. At specific companies, the crisis has also 

accelerated the use of augmented reality. This has enabled companies to service machines remotely [7]. 

Europe 2020, the EU’s basic strategy paper, identifies smart and sustainable growth based on knowledge and 

innovation and a more competitive, environmentally friendly economy with lower material demands as 

fundamental to the EU’s further development. Compared to other major regions in the world, Europe has few 

companies which produce cutting-edge technologies. Demand for information and communication 

technologies is also growing in Europe, while only one quarter of the demand is being covered by European 
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companies. These basic statements then lead to proposals for the “reindustrialization” of Europe. In this 

context, it should be noted that a key role in the reindustrialization of Europe will be played by the price of 

energy, in particular electricity, which forms a part of the process [8]. 

6. SWOT ANALYSIS OF INDUSTRY 4.0 AND MATERIAL RESOURCES  

Strengths 

 In the context of Europe, exceptionally high-quality higher education in the area of energy, logistics, 

smart cities, and chemical and mining technologies. 

 High percentage of recycling end-of-life products, the capability of recovering certain types of materials 

in critical short supply, raw materials. 

 Functional, robust energy system. 

 Capability of primary processing and extraction of uranium and similar materials. 

 Knowledge of nuclear energy processing. 

Weaknesses 

 Insufficient ICT infrastructure (data centers, telecommunications environment, slow deployment of smart 

grid technologies, etc.). 

 Low level of knowledge of material flows in economics and components critical to industrial production. 

 Insufficient transport infrastructure. 

 Insufficient applied research in the field of materials, especially energy sources, and smart cities. 

 Improper application of renewable sources in the energy system. 

 Insufficient level of investment in modernization of the energy system. 

Opportunities 

 Possibility to transform the entire energy, transport and logistics sectors, etc., into more efficient forms. 

 Opportunity to participate in the development of standards by supporting innovative pilot projects within 
transnational consortia. 

 Ensuring further sustainable development of the Czech Republic through application of the Industry 4.0 

concept and related technologies in the areas of smart cities, intelligent transport, etc. 

 Taking advantage of the current interest in smart cities, smart grids and intelligent transport systems 
and their inclusion in the Industry 4.0 concept. 

 Research and production of small-volume technologies for obtaining components/raw materials from 

already extracted materials (“dumps” and secondary raw materials from end-of-life products). 

 Decentralization of the energy system. 

Risks 

 Difficult communicability of the topic of Industry 4.0 in relation to the efficient use of resources for political 
representation to the public. 

 Lack of interest by energy, transport and other companies to change the overall philosophy of their 

business, including the implementation of innovative solutions. 

 Inconsistent and fragmented component pilot projects which do not lead to expected goals, thereby 
discrediting the entire concept of Industry 4.0. 

 Necessary transformation of the Czech educational system to suit the requirements of the concept 

Industry 4.0 in the sub-sectors of resource use (energy, transport, security, logistics, etc.) [3]. 
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7. RECOMMENDATIONS 

This chapter summarizes the recommendations obtained based on research in the literature. These 

recommendations concern how the efficiency of use of material resources in metallurgical processes through 

Industry 4.0 could be further increased [3]: 

 Mapping of material flows in sectors of the national economy and capacities for the acquisition, 

processing and reuse of critical raw materials. 

 Mapping of workplaces needed for the standardization of material efficiency in companies, acquisition 

and use of raw materials and secondary raw materials. 

 Support for the use of big data concepts and advanced data analysis in metallurgy. 

 Adoption of a new raw materials strategy and its periodic update in the spirit of the current strategic EU 

and national initiatives in Industry 4.0. 

 Determining the potential for obtaining additional raw materials from today’s mined materials. 

 Introduction of intelligent components in waste management during the production process, including 

more environmentally friendly waste disposal. 

 Support for research into new mining methods and technological modifications and the respective 

acquisition/recycling of strategically important materials. 

 Student exchange programs at major global research institutes focusing on minerals and secondary 
resources. 

8. CONCLUSION 

The coronavirus pandemic may accelerate the digital transformation of Czech companies. Businesses have 

found that investment in digitalization helps them in managing the effects of unexpected crisis. This also 

applies to companies engaged in metallurgy. The introduction of Industry 4.0 concepts into the operation of 

smelters is enormously important for resource efficiency, whether it involves, for example, CPS-based control 

systems, predictive maintenance, recyclability of materials, the ability to obtain additional raw materials from 

mined materials, or better processing of raw materials as a result of reduced waste. 

The Czech Republic has very poor metal resources and other chemical elements and compounds indicated 

as supercritical by the European Commission. The only strategic fuel and raw material for energy still mined 

in the Czech Republic (and therefore in the EU) is uranium [9]. Supercritical raw materials are important in 

metallurgical processes (production of various alloys), and therefore the improved use of input and output 

components is crucial for the future of metallurgy in the country. 

The paper summarized the effects of Industry 4.0 on metallurgical enterprises. It discussed the advantages of 

improved processing of materials and the production of final products produced with minimum energy 

consumption, precise input material quantities and minimum waste. This may be reflected in lower selling 

prices of final products achieved through advanced digitized production lines and machines which are not 

manually controlled by humans but based remotely on programming technologies. 
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Abstract  

The paper presents the results of the analysis of prices of exported and imported steel products in total in 

Poland. Changes in prices of steel products were analyzed in the period from 2005 to 2020. The adopted long 

period of analysis of steel products prices allowed to determine their level in the period before, the first in the 

century, the world financial crisis of 2008 and after this crisis until 2020, when the COVID-19 crisis started (and 

is still ongoing). The aim of the study was to answer the question about the impact of the global economic 

crises (economic downturn, strong economic slowdown in the world) on the level of prices of steel products 

imported to Poland and exported from Poland. The steel industry in Poland was used as a case. 

Keywords: Steel products, prices, imports, exports, crisis 

1. INTRODUCTION 

Crises and economic downturns are hitting the foundations of growth. They disturb the social and economic 

order, slow down production, disturb the functioning of markets, and worsen the financial situation of 

enterprises. It is impossible to prevent all types of crises and be effectively prepared for their outbreak despite 

the implementation of crisis management - designing and applying prevention aimed at preventing the 

outbreak of crises [1-2]. At the end of the first decade of this century, the world was grappling with the effects 

of the financial crisis. At the end of the second decade, the COVID-19 crisis emerges. 2020 is known as the 

pandemic year. It is widely recognized that the 2008 crisis was caused by a very intensive lending activity on 

the market of mortgage loans granted by banks (mainly investment ones) to people with insufficient financial 

capabilities (subprime mortgage) [3]. The effects of the crisis reached world, Europe and Poland in 2009. In 

the analyzed sector, a significant drop in steel production was recorded. In 2009, crude steel production was 

1,239 million tonnes compared to 1,343 million tonnes (Mt) in 2008 [4]. In 2009, EU steel production was 

138.779 million tonnes (Mt), and in 2008, total production of crude steel was 197.965 million tonnes (Mt) [5]. 

In 2009, 7.128 million tonnes (Mt) of crude steel was produced in Poland, a 2.6 million tonnes decrease 

compared to 2008 [5]. During the following years, steel production is subject to more or less major economic 

fluctuations. Another sharp decline in production was recorded in 2019 and 2020. Global world crude steel 

production although reached 1,864 million tonnes (Mt) for the year 2020, down by 0.9 % compared to 2019 [6-

7]. Throughout 2020, the European Union (with the UNITED Kingdom) recorded production of 138.8 million 

tonnes, a decrease of 12 % from the previous year [8-9]. In 2019, 8.996 million tonnes (Mt) was produced in 

Poland, and in 2020, 7.851 million tonnes (Mt) [10]. For comparison, in 2017-2018, the annual steel production 

in Poland was over 10 million tonnes (Mt) [10]. In the period from 2005 to 2019 adopted for the study, an 

analysis of prices of steel products (PLN/tonne) in Poland was performed in two categories: prices of total steel 

products in exports and prices of total steel products in imports. The analysis was performed on the basis of 

statistical data provided by the Polish Steel Association in Katowice, Poland. This study is not intended to 

provide an in-depth market analysis of steel product prices, but only to locate steel product price fluctuations 
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in a specific economic slowdown - the global financial crisis of 2008 and to present the situation - the Covid-

19 crisis. 

2. ANALYSIS OF PRICES OF STEEL PRODUCTS IMPORTED TO AND EXPORTED FROM POLAND 

IN THE PERIOD FROM 2005 TO 2020  

2.1. Analysis of average annual price steel products of imported to and exported from Poland 

In the period from 2005 to 2020, the average price of steel products imported to Poland was higher than the 

average price of steel products exported by PLN 387 /tonne. The average annual price of imported steel 

products was PLN 3,091 /tonne, and for exports PLN 2,705 /tonne. Throughout the analyzed period, the 

average prices of imported steel products were higher than the prices of exported steel products, excluding 

prices of imported steel products in 2020 (annual price of imported steel products was PLN 3,157 /tonne, 

annual price of exported steel products was PLN 3,168 /tonne). A detailed course of trends is presented in 

Figure 1. 

 

Figure 1 Average annual prices of steel products imported to and exported from Poland 

Based on the analysis of trends (see Figure 1), one can notice that the price trends of imported and exported 

steel products after 2012 are getting closer. The differences between the prices of these steel products were 

smaller and smaller. In 2020, first time prices of steel products exported from Poland was higher than prices 

of steel products imported to Poland. Table 1 summarizes the data on the differences between the prices of 

imported and exported products based on the average annual prices of steel products in the period from 2005 

to 2020. 

Table 1 Differences between the prices of steel products imported to and exported from Poland [PLN/tonne] 

Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Differences 906 533 510 233 704 558 528 427 369 274 236 206 391 139 185 -12 

2.2. The impact of the crisis and the global economic slowdown on the prices of steel products 

imported to and exported from Poland 

During the global financial crisis, which begins with the American economy in 2008, the effects reach Poland 

in 2009, there are strong fluctuations in the prices of steel products imported to Poland and shipped abroad. 

Having the statistical data for the period from 2005 to 2020, an analysis of trends in prices of steel products in 

individual months of the year was performed. Steel product price trends are presented in Figure 2 and 

Figure 3. Looking at the steel product price trends, it can be seen that the price differences are greater. In 



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1411 

2009, the price of exported products was lower by PLN 704 /tonne. A sharp drop was recorded during the 

crisis in the prices of steel products shipped abroad. In 2010, the difference amounted to PLN 558 /tonne and 

2011, prices of exported products were lower by PLN 528 /tonne (see Table 1). The highest level of average 

prices for imported steel products was recorded in 2011, and for exported products in 2018. The maximum 

price of steel product imported to Poland was in October 2011 (PLN 3,800 /tonne), and the minimum price was 

in March 2006 (2,503). Based on maximum and minimum of prices, three periods were analyzed: 

2,500 - 3,000; 3,000 - 3,500; 3,500 - 3,800. Since the emergence of the global economic crisis in Europe (since 

2009), the prices of steel products imported to Poland have exceeded the amount of PLN 3,000 /tonne and 

more, excluding months (from January to November) in 2016 (see Figure 2).  

 

Figure 2 Prices band of steel products imported to Poland in the period from 2005 to 2020  

[PLN/tonne] 

Based on the analysis of price trends of imported steel products, strong fluctuations between prices were found 

until 2012 (see Figure 2). The high fluctuations in the first quarter and the beginning of the second were 

between 2006 prices (low prices in the period from January to April) and 2012 prices (very high prices in 

January). The high volatility in the third and fourth quarters was between 2005 prices (low August to December) 

and 2011 prices (high September to December). These strong price fluctuations were therefore in the run-up 

to and during the global financial crisis. The high prices recorded at the end of 2011 continued until July 2012 

(in June 2019, 3,676 PLN was paid for 1 tonne of imported steel products). In the last four years before the 

pandemic year, prices soared, throughout 2017, throughout 2018 and throughout 2020, they were above 3,000 

PLN /tonne (see Figure 2). In export, the price level above 3 thousand PLN /tonne of steel products was not 

recorded until 2018-2020, excluding December 2011 (PLN 3,002 /tonne), December 2012 (4,143) and 

November and December 2013 (3,015; 3,019) (see Figure 3). In 2012, a record price for exported steel 

products was recorded, in December, 4,143 PLN was paid per tonne of steel products. The lowest prices in 

individual months were in 2005 (in August, PLN 1,745 /tonne of steel products). For analyzed prices, five 

periods were established: 1,700 - 2,200; 2,200 - 2,700; 2,700 - 3,200; 3,200 - 3,700 and 3,700 - 4,200. 

In analysed period, the growth of prices of steel products exported from Poland was speed. The rationale for 

such large price increases is their greater added value and an increase in raw material prices. The price of 

steel has been high for ten years. The high price of steel is influenced by the high price of iron ore, energy, 

coke and environmental charges (carbon dioxide emission price). In the analyzed period, investment outlays 

amounted to about PLN 14 billion. The implemented investments allowed the steel mills to produce products 

of higher and higher standards and reduce energy consumption of resources [11-12]. Just before the pandemic 
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(COVID-19), from February 2018 to November 2019, the prices of Polish export products remained slightly 

above PLN 3,000 /tonne of steel products, also in 2020, from March to December were above PLN 3,000 

/tonne (see Figure 3). 

 

Figure 3 Prices band of steel products exported from Poland in the period from 2005 to 2020  

[PLN/tonne] 

3. COVID’S PRICES EFFECTS - DISCUSSION 

2020 is known as the pandemic year. During the Covid-19 crisis, the Polish steel sector saw an increase in 

the prices of steel and steel products and strong fluctuations in the prices of exported and imported products. 

In 2020, the price of iron ore rose to USD 160 /tonne, the highest level since 2011. As late as November 2019, 

the price per tonne of iron ore was around USD 85 [13]. Steel scrap prices have also gone up. Apart from ore 

and scrap, high energy prices remain on the Polish steel market. The price of energy per 1 tonne of steel in 

Poland is higher than in other EU countries. When analysing the prices of annual electricity purchase contracts 

in Poland, Germany, Slovakia, the Czech Republic and Romania in 2015-2020, the prices on the Polish market 

significantly differ from our direct neighbours producing electricity [14], on average, in the analyzed period, 

prices in Poland were higher by 25 % compared to Germany, 29 % - the Czech Republic, 23 % - Slovakia and 

10 % compared to Romania, and in the period from the beginning of 2019, the average electricity price in 

Germany was lower from the price in Poland by nearly PLN 60 /MWh. The price difference is due to the fact 

that electricity in Poland is still produced from solid fossil fuels (over 77 % in 2018). Over the years, electricity 

has been charged with many additional charges in Poland (e.g. the distribution fee, grid fee in 2020 was 41 

/MWh of energy). According to Polish Steel Association, the level will be the same in 2021 [14]. The prices of 

steel and steel products will be strongly influenced by the carbon tax (a policy implemented by the European 

Union), which aims to include their carbon footprint in the prices of imported products. This is all the more 

important as the cost of carbon dioxide emissions in the EU is rising rapidly. Prices of CO2 emission allowances 
in January 2021 have already hit a record 34 EUR per tonne [15]. Rising costs of CO2 emissions, but also 

rising electricity prices and the introduction of additional fees within the capacity market from 2021, affect the 

prices on the steel market. In 2020, steel production in Poland was limited. Along with the decline in steel 

demand in the pandemic year, ArcelorMittal finally shut down the furnace for steel production in Krakow. Steel 

product price volatility in the Covid-19 crisis period is caused by lockdown. In the economies of the world, 

lockdown periods were shorter in some countries, longer in others, and not always at the same time. 

Postponing lockdowns had various effects, for example on the iron ore market, China emerged from the crisis 

earlier than other global iron ore suppliers. Increasing prices of raw materials needed to produce steel affect 

the prices of other products. The price of steel affects the final cost of producing cars, machines and other 
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products, and thus their final price. The main recipient of steel products in Poland is the construction sector, 

so the prices of steel products will change prices in the construction industry (the boom in this industry is 

fostered by investments in the warehouse real estate sector - this is the effect of accelerating the development 

of e-commerce and the development of road infrastructure). Financial institutions and market experts predict 

that price increases in steel-consuming industries in Poland may be from 20 % to even 50 % depending on 

the steel grade [16]. After the first wave of pandemic period (which was already noted in Poland at the end of 

the fourth quarter of 2020, there was an increase in production), both the rapid rebound in demand and the 

effect of purchases on inventory will have an impact on the prices of exported steel products [17].  

4. CONCLUSION 

The analysis of the prices of imported and exported steel products for the Polish market may constitute the 

basis for in-depth analyzes, taking into account the costs of: raw materials, energy in Poland, as well as macro-

global situations. The Chinese economy and analysis of its recovery from the pandemic crisis may provide 

additional information. Mills in China are the largest steel producers in the world, as well as suppliers of the 

basic raw materials: iron ore, coking coal. The situation in this economy is an important element of forecasting 

price changes for imported steel products to Poland. In order to get a full picture of changes, one should also 

take into account the exchange rate of the euro against the zloty in the analyzed period. The analysis provides 

basic information about the fluctuations in prices of imported and exported steel products in the period from 

2005 to 2019. The financial crisis (launched in USA 2008) and the downturn in the global economy in 2009 hit 

very hard in the price of steel products (strong fluctuations in imported and exported Poland of steel products) 

[18]. In the period, from 2005 to 2019, the prices of goods imported to Poland were higher than those of 

exported goods, but this difference has decreased in recent years and in 2020, average annual prices of steel 

products exported from Poland were higher than those of imported goods, but the difference was very low (for 

imported: PLN 3,157 /tonne and exported: PLN 3,168 /tonne). 2020 was a pandemic year with further 

disruptions on the steel market in Poland, e.g. high prices of materials, energy, and high cost of environmental 

protection.  The speed of recovery from the crisis, not only by market factors, e.g. prices of goods and demand 

for steel), but also by govermental support instruments (aid programs for the steel sector) and EU policy in 

Covid-19 crisis.  
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Abstract 

This paper defines the individual types of depreciation and the methods for depreciation of tangible fixed assets 

in a metallurgical company. It analyses the potential impact on the economic results and evaluates how the 

depreciation methods were applied. The paper intends to propose the optimal depreciation method for the 

purposes of calculation in the company and quantify the impact of such method on its budgets and standards.  

Keywords: Metallurgical company, calculation, depreciation method, tangible fixed assets 

1. INTRODUCTION 

The simplest definition of depreciation of tangible fixed assets stipulates that it is a financially expressed value 

of wear and tear of assets for the specified period. It is an indicator of gradual decrease in value of assets. 

However, depreciation has more functions. In accounting, the absolute majority of authors tends to the view 

that depreciation of tangible fixed assets represents the transfer of the original price of assets in operational 

costs, and that depreciation is not a source of funding of the business needs [1]. In contrast to the above, the 

practice of financial management comprehends the depreciation also as an internal source of funding, since, 

in the long term, a well-functioning company must return such depreciation in replacement of fixed assets. 

Based on the above, we can thus certainly define three fundamental functions of depreciation [2]: 

 Depreciation expresses wear and tear of fixed assets and decreases their value in the balance sheet; 

 Depreciation allows a gradual transfer of the value of depreciated assets in costs; 

 Depreciation is an internal source of funding. 

In the accounting in the Czech Republic, we encounter tax and accounting depreciations; in the business 

practice, management or cost depreciation is also often applied. In the following part of the paper, the 

principles of the above types of depreciation will be briefly presented. 

2. DEFINITIONS OF THE INDIVIDUAL TYPES OF DEPRECIATION 

In the Czech Republic, depreciation of assets is defined by Act No. 563/1991 Coll., Accounting Act, Act No. 

586/1992 Coll., Income Taxes Act, Act No. 151/1997 Coll., Property Valuation Act, and also by Czech 

Accounting Standard No. 013. The above legislative requirements stipulate the conditions for accounting and 

tax depreciations. Where the term “assets” is further mentioned in the text, it is understood as both tangible 

and intangible assets. The first definition is related to the accounting depreciation. 

2.1. Accounting Depreciation 

The accounting depreciation is legislatively stipulated by Act No. 563/1991 Coll., Accounting Act, implementing 

decrees, including, without limitation, Decree No. 500/2002 Coll. and the Czech Accounting Standards. 

Especially Section 56 of Decree No. 500/2002 Coll. defines the depreciation of assets and its methods as 
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follows: “Depreciated intangible and tangible assets, or any of their parts, are depreciated on the valuation, as 

specified in Sections 47, 61, 61a and in Articles 25 and 27 of the Act, gradually in the course of their use. The 

course of use can be expressed in a different manner than in relation to time, for example, to revenues from 

production” [3]. The above specified legal regulations related to the accounting depreciation provide general 

guidance; nevertheless, for this type of depreciation, they place emphasis on application of the accrual 

principle based on substantive context. The accounting entity defines such depreciation itself, mostly on the 

basis of the actual period of use of fixed assets. The right accounting depreciation must represent a true and 

fair view of the state of accounts and the financial position of the accounting entity. 

2.2. Tax Depreciation 

From the tax point of view, Section 26 (5) of Act No. 586/1992 Coll., on income taxes, defines depreciation of 

fixed assets as follows: “For the purposes of this Act, depreciation means comprising of depreciation on 

tangible assets registered with the taxpayer, and related to provision of taxable income, in the expense (costs) 

for provision of that income [4]. The above thus emphasizes mainly the cost function of depreciation. The 

characteristics of tax depreciation is that the fiscal policy of the state plays a non-negligible role in 

determination of its amount and definition of the period for which the assets are depreciated. It is a certain form 

of consensus between the possibilities of the state and the business requirement [5]. However, the Income 

Taxes Act also defines, amongst other things, the terms related to depreciation of assets, such as the 

acquisition price of assets, the balance price of assets, the depreciation categories and the entry price of 

assets. The tax depreciation is strictly governed by the provisions of the above Act, primarily in determination 

of the depreciation category which defines the statutory period of depreciation, as well as the maximum amount 

of depreciation recognised as tax-deductible costs. As follows from the above specified definitions of 

accounting and tax depreciations and their different functions, there is, or there must be, a difference in their 

amounts. Unless there are any compelling reasons for that, the same values in accounting and tax 

depreciations indicate a wrongly defined depreciation policy of the accounting entity. In fact, the differences 

arise not only due to different depreciation methods, but also due to a different determination of depreciation 

period, and mainly due to a different definition of depreciation base. The last-mentioned point of view is 

primarily related to another type of depreciation of assets - cost depreciation. This dual concept is applied both 

for depreciation and for some of the asset valuation principles, where it aims to reflect wear and tear of assets 

in a “fairer” manner in comparison to financial accounting; therefore, it is common to calculate it rather in 

relation to revenues from production than in relation to time; moreover, it is calculated from fair values, not 

from the historical cost [7]. 

2.3. Cost (Management) Depreciation 

Management accounting is often linked to controlling, where relevant, and thus the cost depreciation can 

sometimes be referred to as controlling. The cost depreciation follows from the principles of management 

accounting, where the connection between costs and revenues from production is fundamental. Depreciations 

may differ not only in their amount, but also, for example, due to the fact that some controlling depreciation 

may not even appear in financial accounting [6]. This can be caused by the original investments low in price, 

not corresponding to the current higher acquisition value of a given asset or to the value of assets reduced by 

their subsidies in the accounts, which significantly affects the fair depreciation base of the assets. The use of 

controlling depreciation is also justified in cases where the assets have already been subject to accounting 

and tax depreciation; however, such assets are still used by the company and play a role in generating its 

revenues. In practice, such use appears in particular in cost and price calculations where, using its revenues, 

the company seeks to have a sufficient financial envelope for re-acquisition of worn-down assets. Due to its 

fixed character, the value of depreciation is also reflected in the company’s indicators. The realistic 

representation of depreciation may significantly affect the company’s information and, subsequently, further 
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management decisions, such as the definition of the company’s break-even point or the decision on existing 

capacities. 

If the company uses complex technologies, as it is the case of metallurgical companies, the values of defined 

depreciation are represented by amounts which significantly affect not only the tax base at the end of each 

accounting and fiscal year, but also the standards and calculations in the company. In the following case study, 

we will provide a comparison of the values of depreciation in financial accounting and controlling and quantify 

their impact on the calculations in the company. 

3. CASE STUDY 

For the purposes of this paper, we chose the Cleaning and Machining Shop Centre, which forms part of an 

unnamed metallurgical company in the Czech Republic. Knock-out of castings from the moulds is followed by 

a cycle of finishing operations according to the customers’ requirements. Scorched sand and cores are 

removed from the castings using the shot blasting and knock-out machines. Furthermore, modifications are 

made by means of grinding, machining, welding and other operations, if needed. All the above works are 

ensured by the machinery which is part of the equipment of the metallurgical centre. This includes especially 

shot blasting machines, grinding machines, milling machines, lathes, drills, etc. Over the years, the Cleaning 

and Machining Shop Centre, included in this paper, acquired the above technologies in order to ensure a long-

lasting quality of final products manufactured by the company. For the purposes of modelling of impact of 

depreciation on the calculations in the company, the time aspect of acquisition of the above technologies will 

not be considered, only the manner of acquisition and quantification of depreciation will be taken into account. 

The company’s accounting records showed that some of the technologies with a higher acquisition price, 

mostly over CZK 1 million, were included in the company’s subsidy programmes. As a result, the subsidy on 

the above production technologies covered less than 50 % of the entry price of the machinery. Everything was 

properly registered and recognised in accordance with the legislative requirements. Under Section 29 (1) of 

Act No. 586/1992 Coll., on income taxes, the entry (acquisition) price of assets was decreased by the subsidies 

received, since the company did not recognise those funds in profit or loss. The above accounting transaction 

was executed for 9 technologies of the Cleaning and Machining Shop Centre, where the entry price of such 

machinery was thus reduced by CZK 23.3 million. Table 1 provides an overview of all production technologies 

of the Cleaning and Machining Shop Centre. It is clear which technologies were acquired through subsidies 

and which not.  

Table 1 Overview of Technologies of the Cleaning and Machining Shop Centre, Entry Prices and Depreciation  

             (in whole CZK) 

 

Based on 

depr.category

Based on 

oper.lifetime
Cost Accounting Nominal Accounting

Vrtačka strojní s autoposunem NO 2 60 96 842.18 1,347.48 80,848.80 80,848.80

Vrtačka řadová VR42B-CE2 NO 2 60 96 6,576.86 10,522.97 631,378.34 631,378.34

UNIVERSÁLNÍ HROTOVÝ SOUSTRUH SV 18 RD/1250 NO 2 60 96 4,781.25 7,650.00 459,000.00 459,000.00

Trens SOUSTRUH CNC 1500 SE520 NO 2 60 180 5,817.20 17,451.61 1,047,096.50 1,047,096.50

Trens VERTIKÁLNÍ OBRÁBĚCÍ CENTRUM MC100VA NO 2 60 180 11,876.11 35,628.32 2,137,699.00 2,137,699.00

Tryskací zařízení AGTOS YES 2 60 216 42,852.09 80,441.93 9,256,052.00 4,826,516.00

KOVOSVIT MAS HORIZONTKA MCV 1012 YES 2 60 120 13,930.73 11,144.58 1,671,687.00 668,674.80

RETOS - VYVRTÁVAČKA STOLOVÁ W100A YES 2 60 120 17,328.34 13,862.67 2,079,400.80 831,760.32

NEWTECH Soustruh MS-NL1500SMC/500 YES 2 60 180 22,500.00 27,000.00 4,050,000.00 1,620,000.00

NEWTECH Soustruh MORI SEIKI NL2000 SMC YES 2 60 180 23,333.33 28,000.00 4,200,000.00 1,680,000.00

TOS Olomouc FRÉZKA FGU32 NO 2 60 96 5,650.61 9,040.98 542,458.66 542,458.66

DMG MORI SEIKI - CNC NT 4250DCG/1500SZ YES 2 60 216 39,451.81 56,810.61 8,521,592.00 3,408,636.80

TAJMAC ZPS Obráběcí centrum MCFV1680 Standard YES 2 60 180 15,550.90 46,652.70 2,799,162.00 2,799,162.000

Tryskací zařízení AGTOS - komorové, typ HT-13.21 YES 2 60 216 50,868.10 73,250.06 10,987,509.50 4,395,003.80

KOVOSVIT - Frézovací a vrtací centrum YES 2 60 120 11,657.33 23,314.67 1,398,880.00 1,398,880.00

TOS VARN. - RENISHAW RMP 60 měřící sonda NO 2 60 60 1,047.33 1,047.33 62,840.00 62,840.00

Soustruh SU 63A/1500 vč.lic.desky NO minor assets 24 60 583.33 1,458.33 35,000.00 35,000.00

TOTAL X X 274,647.51 444,624.25 49,960,604.60 26,624,955.02

Monthly depreciation Acquisition priceNumber of deprec. (in month)

Article name Grant
Depreciation 

category
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The adjustment of the entry price in the accounting value of assets is the only statutory adjustment made due 

to the subsidy, provided for acquisition of assets. Table 1 clearly shows that thanks to the subsidy, for example, 

the depreciation category or the number of planned depreciations were not subject to any adjustment. The 

planned values of depreciations only changed with the reduction of the entry price of assets resulting from the 

subsidy provided. Figure 1 shows the adjustment of entry prices resulting from the recognition of the subsidy. 

 

Figure 1 Impact of the Received Subsidy on the Entry Price of Assets (in CZK thous.) 

However, significant adjustments were made after obtaining relevant data, which will be used for further 

management decision-making tasks. Mainly for the purposes of calculations, it is necessary to maintain the 

actual acquisition prices of assets, at least for newly acquired assets, or to determine replacement prices for 

the assets acquired as used. The aim is to reflect a proportional part of the value of assets in the calculation, 

where such part the most quantifies the actual cost consumed in manufacture or processing of the product in 

question. This adjustment is already apparent in Table 1, in the column “Monthly depreciation - Cost” which is 

based on the nominal acquisition price, thus without an adjustment due to the subsidy, and on the number of 

months of depreciation determined on the basis of an operating lifetime of the production technology. The 
operating lifetime of the production technology was defined by the Economic Department in cooperation with 

the Technology Department, which has the technical documents for the specified technological equipment and 

also the data on the use of the above capacities in the company’s manufacture programme. On the basis of 

this qualified estimate, the number of months of depreciation related to the individual machines was adjusted 

thanks to their so-called operating lifetime. The significant difference in the value of monthly accounting and 

cost depreciations for production technologies of the Cleaning and Machining Shop Centre is appropriately 

documented in Figure 2. Although the depreciation base was the entry price without adjustment due to the 

subsidy, the value of the cost depreciation in comparison to the accounting depreciation is lower by CZK 

169 977. The value of the monthly depreciation is reduced by 38 %. The reduction was the result of a change 

in the period of depreciation given by the number of months, where, for example, the operating lifetime of the 

most expensive technologies was set as twice the maximum value for the tax depreciation. The period of 

depreciation of assets set in this manner, and the depreciation subsequently defined in management 

accounting and business plans, perform their function of an internal source of funding. Since if we take into 

consideration the long physical lifetime of the assets, the funds acquired through depreciation can cover not 

only the future value of replacement of an impaired source, but also major events, such as planned 

maintenance actions and general overhauls, should the original value of assets be adjusted by such costs [8]. 
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Figure 2 Difference of Cost and Accounting Depreciations of the Technologies of the Cleaning and 

Machining Shop Centre (in CZK thous.) 

The analysis of the impact of accounting and cost depreciations on the calculations in the company was 

prepared with the Aggregate Calculation in the Sysklass information system, which is used for determination 

of product costs. For comparison of the impact of both types of depreciation, the final product calculation of an 

unspecified casting was used; where, in the first case, the calculation was made with the accounting 

depreciation and, in the second case, the cost depreciation was implemented. For the purposes of this paper, 

both calculations were made in a simplified manner. In both cases, the resulting values differ first in the line 

“Manufacturing overhead” where the above specified depreciation was inserted, but also in the resulting values 

of total cost of production (total CP) and in the value of the company’s full cost of production (FCP). The above 

values are illustrated by Figure 3, where the difference in the total cost of production equals CZK 165 thous. 

Concerning the total value of FCP, the difference equals more than CZK 220 thous. 

 

Figure 3 Comparison of the Costs for Manufacture of a Casting with the Use of Different Types of 

Depreciation 

The above aggregate calculations, thus in fact the calculated cost of product, are used in the company as a 

basis for price calculations of final products. In such a case, we can justifiably say that depreciations are a 

source of funding, since the depreciation is collected from the customer in revenues. In contrast to other cost 

items, depreciation doesn’t have to be accompanied by an adequately high monetary expense for acquisition 

of a resource, in the same period [8]. Therefore, funds created in such a manner should serve primarily for 

replacement of fixed assets at a time when it is necessary.  
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4. CONCLUSION 

In practice, there are many other examples which show the impact of depreciation applied in the right manner 

on the company’s economic situation and cash flow, as well as its importance in management decision-making. 

Most of the examples cannot be covered in this paper. The above specified case study highlights a huge 

impact of appropriate definition of a depreciation plan on the calculation of product costs; and, thus, also on 

other factors of the company’s economic growth. As it is also demonstrated by many professional searches, 

cost depreciation is one of the significant aspects of management accounting which is, however, often 

unnecessarily neglected in practice. 
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Abstract  

The aim of the article is to show the use of artificial intelligence in improving the heating process in continuous 

industrial furnaces. To improve the heating in continuous furnaces, heating control based on models that 

consider the dimensions, material, and heating method can be used. These models can be built based on the 

classical description by differential or differential equations. The difficulties in solving them, especially 

considering the variable parameters of these equations, seem to be a reasonable possibility of using artificial 

intelligence tools, namely, genetic algorithms for parameter estimation and artificial neural networks, to create 

your own heating model. 

Keywords: Metallurgy, furnaces, model, simulation, artificial intelligence 

1. INTRODUCTION 

This paper discusses the use of artificial intelligence in industrial metallurgical manufacturing technologies. In 

particular, it analyses the possibility of using artificial intelligence in the heating furnaces of rolling mills. We 

are concerned with selecting suitable technological nodes where positive results can be expected when 

introducing artificial intelligence elements and summarising the risks and benefits. 

1.1. Heating furnaces 

A key element of hot rolling mills is the heating furnaces. Increased attention will be paid to the step heating 

furnace: 

a) classical control, 

b) control using a neuro-fuzzy system,  

c) design methodology for designing fuzzy systems,  

d) methodology for model creation and system simulation,  

e) design of an industrial application. 

The problem of describing the behaviour and control of complex natural systems, characterised in particular 

by the difficulty of their formal mathematical description, which are difficult to know and operationally 

problematic to measure, stems from classical approaches. Classical approaches based on numerical 

mathematical analysis and the apparatus of mathematical statistics encounter limits in these applications. 

These arise from the use of general, objective laws of nature, which are interpreted by the relations of classical 

mathematics. These practically always lead to several necessary simplifications that cause the inadequacy of 

the mathematical description. Thus, as the complexity of real systems increases, the practical applicability of 

the mathematical description decreases very rapidly. 

If the cause of the failure of a mathematical model is the lack of information or its extreme complexity, artificial 

intelligence methods can be used to advantage. The principles of artificial intelligence are based on the use of 

human experience, i.e. subjective knowledge. It is also advantageous to use simple but powerful non-
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numerical algorithms that allow the integration of objective knowledge with subjective knowledge, resulting in 

higher quality conclusions. With the development of artificial intelligence methods, there is a trend to move 

from data processing to knowledge processing. These approaches allow the creation of non-conventional non-

numerical language models. These models can go well beyond conventional, mathematical-analytical ones in 

their applicability. 

1.2. Artificial Intelligence Tools 

The discipline of artificial intelligence seeks to create algorithms and systems that exhibit intelligent behaviour 

and capabilities and is concerned with methods for decision making and solving complex problems. This field 

encompasses many developments. Among the most important are: 

a) qualitative modelling 

b) fuzzy models 

c) genetic algorithms 

d) neural networks. 

Qualitative modelling uses so-called naive physics to construct models based on the integration of deep and 

shallow knowledge. Qualitative description is approached when we do not want or cannot describe analytically 

precisely the relationships between the variables of the processes being described.  

The principles of fuzzy set mathematics and multivalued linguistic (fuzzy) logic are used. Fuzzy models are 

often conceived as sets of conditional production rules. The most widely used fuzzy systems are expert 

systems, aimed at solving specific complex problems.  

The natural mechanism of natural selection and the laws of genetics have inspired the development of genetic 

algorithms, which are a versatile and robust means of solving optimisation problems. The primary objects in 

GA are string, gene and population. The basic operations that work with these objects are crossover, mutation 

and selection. 

Methods inspired by the processes in biological entities have achieved a considerable spread. Neural networks 

have been developed to partially mimic the processes occurring in the human brain and nervous system. They 

are particularly suitable for modelling the behaviour of complex systems because their typical characteristic is 

the ability to learn by themselves 

2. RECENT DEVELOPMENTS WITH SIMILAR ISSUES AND THE METHODS USED TO SOLVING 

The step heating furnace is characterised by high nonlinearity, time delay, significant time constant and change 

of parameters and structure over time. From another perspective, the furnace is a distributed-parametric 

process in which the temperature distribution is not uniform. Therefore, this process unit has complicated 

nonlinear dynamic equations that do not work entirely accurately. This paper proposes a one-stage nonlinear 

predictive model for a real step-heating furnace using nonlinear black-box subsystem identification based on 

a locally linear neuro-fuzzy model [1]. 

Another effort was to develop a two-dimensional mathematical heat transfer model for predicting the 

temperature history of steel plates to achieve optimal heating of these plates with minimum energy 

consumption in the step heating furnace. The algorithm developed by the simplified conjugate-gradient method 

(SCGM) combined with the shooting method was used as an optimiser to design the temperature distribution 

of the furnace, including the temperature of the preheating zone and the heating zone. Comparison with 

experimental data showed that the current heat transfer model works well to predict the plate's thermal 

behaviour in the heating furnace [2]. 
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The optimal setpoints for the simulation of zones of a step heating furnace in steady-state operation are 

presented in the study [3]. Here, the authors try a new approach to achieve optimal setpoints for zone 

temperatures in a heating furnace in steady-state operation. This new methodology was developed to simulate 

a heating furnace and compared with the old traditional method (FDM). This model is implemented in the 

commercial software Matlab. The main advantage of this new methodology is that it allows the calculation to 

be solved quickly and accurately, thus achieving a significant reduction in calculation time compared to the old 

traditional method. 

The adaptive neural network model for predicting the temperature of steel plates after passing through the 

rolling mill while the plates are still in the heating furnace uses measured data collected from the production 

line. The model uses adaptive neural networks to predict the temperature after the steel plates have been 

rolled while the plates are still in the heating furnace. This prediction can be used as a feedback value to adjust 

the furnace parameters to heat the steel plates more accurately to predetermined temperatures [4].  

Similarly, the GA-BP neural network model for predicting the plate temperature in the heating furnace is 

composed of 48 BP neural networks in series are designed to predict the plate temperature, taking complete 

account of the continuous process of heating the plate from inlet to outlet. Simulation results show that almost 

all the errors of the test plates are within +/- 5 degrees C, which means that the GA-BP model is verified as 

valid and efficient, thus useful for online prediction and optimal control [5]. 

In [6], the authors compared models for optimal control of selected metallurgical units. The optimal heating 

under different given temperature conditions of the zones in the furnace was modelled, and the heating method 

was optimised both in terms of minimising the heating time and achieving minimum heating cost. Cost 

minimisation can minimise the consumption of heating media or reduce the loss of material during combustion. 

For this task, a solution based on the use of a genetic algorithm is advantageous. Simulations of the heat used 

in all dimensions and the quality of the material could be performed to solve the optimisation procedures. 

Based on these simulations, it would be possible to find a suitable strategy to develop an algorithm for optimal 

control of the furnace. This model can be used to find the optimal control trajectory using a genetic algorithm, 

where the fast ANN response significantly improves the performance of the optimal search. 

3. FURNACE ZONE TEMPERATURE BEHAVIOUR MODEL 

From the previous research, the world is looking for ways to develop furnace models to predict furnace 

behaviour. For this paper, we have selected a single zone model of a pass-through heating furnace. The model 

developed is intended to replace the standard first or second-order heat system model.  

Figure 1 shows the structure of the neural network. The input is a variable x, which contains data about 

combustion gas flow rate, combustion airflow rate and combustion ratio. The output variable y contains data 

on the furnace atmosphere temperature in the modelled furnace zone. 

 

Figure 6 Structure of ANN 
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Figure 2 contains a diagram of the simulation model for three different neural networks in blue. They all have 

the same data but use different time series terms, namely two, three and four. The number of neurons in the 

hidden layer is also different, with the number of neurons successively 20, 30 and 40.  

 
Figure 7 Simuling model with ANN 

The following figures refer to learning the largest neural network with four-time series members and 40 neurons 

in the hidden layer. The response error of the network is captured by the histogram not shown in Figure 3. For 

the 20-column histogram, the dominant errors are -0.69 °C and +0.96 °C with a median and a range of one 

column of 1.64 °C. The best performance value is achieved by the network at epoch 319 and reaches a value 

of 0.18157, captured in Figure 4. The response of the network to the training data and the prediction error is 

presented in Figure 5, Except isolated locations, the prediction error is in units of °C. 

 
Figure 8 The error histogram 
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To test the behaviour of the learned network on data other than the original data, we used the capabilities of 

SIMULIK to build a simulation circuit where, within the limits of the range of data on which the neural network 

was learning, we generated random signals representing gas flow rate, combustion ratio, and used these two 

values to feed the third signal, combustion air flow rate, to the network input.  

The simulation result is shown in Figure 6, where the red line is the neural network's output - the simulated 

furnace environment temperature. The green line on the graph shows the simulated gas flow rate. The 

combustion ratio is not shown in the graph, it is given by the ratio of the airflow value to the gas flow value at 

the corresponding time instant. To assess the effect of non-compliance with the combustion ratio value, we 

chose to change the gas flow value at an interval of 1000 s and to change the combustion ratio every 200 s. 

The network responds well to non-compliance with the combustion ratio by reducing the simulated furnace 

environment temperature.  

 

Figure 4 Performance chart 

 

Figure 5 Responce of ANN 

 

Figure 6 Results of simulation 

CONCLUSION 

This paper set out to reimagine the possibilities of using artificial intelligence tools. In the research part, we 

have tried to capture the breadth of issues and difficulties in using AI tools in a thermal process environment 

in metallurgy. The scope of the article does not allow us to cover in detail all the possibilities that these tools 
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suggest. We have selected only one tool, namely neural networks, capable of time series prediction. Even in 

this reduced scope, we were able to show only a part of the simulations performed. 

In any case, it appears that the use of learned neural networks to model, predict and control thermal systems 

is realistic. The research will continue by studying the robustness of these models, creating complex and 

complex models of furnace aggregates so that they can be used to study the behaviour of these technologies, 

finding new technological approaches, finding weak points and ways to remove them.  
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Abstract 

The aim of this study is to analyze the potential of decarbonization of steel production in Slovakia and Czech 

Republic. The study examines the European CO2 emissions policy, steel production trends, and the European 

emission trading system (EU ETS) allowances and emissions of Slovakia and Czech Republic steel producers. 

The production of iron, steel and non-ferrous metals has a significant presence in Slovakia and Czech 

Republic. The metal industry, mainly iron and steel, is one of the largest energy-consuming industry, followed 

by non-metallic minerals. Steel making ranks as one of the three highest CO2 emitting industries, and since 

production occurs in a limited number of locations - the U.S. Steel Košice, s. r. o. steel-mill being the largest 

single producer of emissions in Slovakia and Třinecké Železárny, a. s. with Liberty Ostrava, a. s. being ones 

of the largest in Czech Republic - they are prime candidates for decarbonization. This paper deals with the 

analysis of the metallurgical sector of steel production in Slovakia and the Czech Republic using the European 

Union Emission Trading Scheme (EU ETS). 

Keywords: Decarbonization, metallurgy, emissions, EU ETS, green steel 

1. INTRODUCTION 

On the one hand, an ambitious European Climate Action Program to 2020 must be seen as a huge success, 

and on the other, real work is just beginning five years after the Paris Agreement, all 27 Member States of the 

European Union (EU) have agreed on an ambitious medium-term plan to reduce emissions by at least 55 % 

by 2030 compared to 1990, a proposal adopted by the European Council in December 2020 [1,2,3]. The 

European Union Emission Trading Scheme (EU ETS) is the primary tool for Slovakia and the Czech Republic 

in setting carbon prices and is also a central policy tool for reducing greenhouse gas emissions [4]. The EU 

ETS is a cornerstone of the European Union's policy to combat climate change and is a key tool for reducing 

greenhouse gas emissions cost-effectively, covering around 40 % of all greenhouse gas emissions in the 

European Union. The EU ETS operates on a "cap and trade" basis. A ceiling is set for the total amount of 

certain greenhouse gases that may be emitted by installations covered by this scheme. The limit decreases 

over time, so total emissions decrease [4]. 

The largest emitters of greenhouse gases in the European Union are the energy industry, fuel combustion and 

transport. Industrial processes produce only 8.7 % of emissions within the Union as shown in Figure 1. The 

production of key materials and chemicals - steel, plastics, ammonia, and cement - emits approximately 500 

million tons of CO2 per year, 14 % of the EU total. The greenhouse gas of most relevance to the world steel 

industry is carbon dioxide (CO2). On average, 1.9 tons of CO2 are emitted for every ton of steel produced. 

According to the International Energy Agency, the iron and steel industry accounts for approximately 4-5 % of 
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total world CO2 emissions. The European steel industry produces 169 million tons of steel per year as shown 

in Figure 2 which stands for only 8.4 % of 2019 worldwide steel production [5,6,7,8]. 

The current trend in metallurgy is to achieve the production of high-quality and competitive steel on the world 

market with the lowest possible amount of CO2 emissions per ton of steel produced. The increasing demand 

for quality steel on the world market is putting pressure on innovation and optimization of current technologies 

and the implementation of new processes in the metallurgical industry in order to achieve carbon neutrality. 

2. RESEARCH FINDINGS 

Slovakia produced 36.09 Mt and the Czech Republic produced 104,41 Mt of CO2 emissions in year 2018 

[9,10]. The Slovak steel production company U. S. Steel Košice, s. r. o. in year 2018 produced 9.3 Mt of CO2 

emissions, which makes up 25.77 % of the total amount of emissions produced in Slovakia. In the case of the 

Czech Republic, the steel production company Třinecké Železárny, a. s. produced 4.3 Mt of CO2 emissions in 

2018 and Liberty Ostrava, a. s. produced 5.3 Mt of CO2, which represents 4.15 % and 5.11 %, respectively. 

The steel production capacity of individual companies is as follows: U. S. Steel Košice, s. r. o. 4.5 Mt, Třinecké 

Železárny, a. s. 2.6 Mt and Liberty Ostrava, a. s. 3.6 Mt. 

The production of CO2 emissions in selected integrated steel plants was based on the European ETS trading 

system from 2010 including the prediction for 2030 as shown in Table 1. Predicted data for individual 

companies until 2030 were based on public statements of each individual steel producer with the assumption 

for continuous reduction of emissions until year 2030 without a significant change in the process and 

technologies used over the next 10 years. New measures and innovations of existing equipment will be 

introduced for each individual producers with the aim of reducing the amount of CO2 emissions without the 

need to change their overall technological process. Due to the high initial investment costs and the time-

consuming implementation of innovations in Integrated steel production, the transition to zero-emission steel 

in selected companies is expected beyond 2030. Potential interventions in the production cycle in the form of 

production limitation are not included in the prediction data. The forecast is informative and creates a picture 

Figure 1 EU sectoral greenhouse gas emission 

production [6] 
Figure 2 Production, use, and end of life OF 

EU steel (Annual steel production Mt, 2017) [8] 
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of the potential emissions costs of individual companies in the optimistic scenario of the development of the 

price of emission allowances as shown in Figure 3. Companies can get part of their quotas free of charge, the 

rest they must buy at auction or at the market. Each quota represents the right to emit one ton of carbon dioxide 

(CO2). The total costs associated with the purchase of emission allowances are based on the principle of the 

difference between Free Allocation and Verified emissions, the difference being the company's loss or profit.  

The European Commission is due to propose its Carbon Border Adjustment Mechanism (CBAM) on July 14, 

2021, a move designed to put EU firms on an equal footing with competitors in countries with weaker carbon 

policies [11]. The European Parliament has already expressed its views on CBAM, saying free allowances 

must continue. In fact, a phase-in and phase-out period can be envisaged where both systems co-exist [12,13]. 

For this reason, two predictions of free allowances are given, with a year-on-year decrease of 2.5 % and 10 % 

by 2030. A 2.5 % reduction represents an ambitious plan to reduce emissions by 55 % by 2030 and a 10 % 

reduction represents a potential transition period for CBAM. The analysis of the price of emission allowances 

of individual steel companies is shown in Figures 4,5,6. 

Table 1 Analysis of emission quotas of steel mills - U. S. Steel Košice, s. r. o. Slovakia, Třinecké Železárny, 

a. s. and Liberty Ostrava, a. s. Czech Republic 

Year 

Steel company 

U.S. Steel Košice - Slovakia Třinecké železárny - Czech Republic Liberty Ostrava - Czech Republic 

Verified 
emissions 
(CO2 Mt) 

Free 
 

Allocation 
(-2.5 % 

p.a.) 

Free 
 

Allocation 
(-10 % 
p.a.) 

Verified 
emissions 
(CO2 Mt) 

Free 
Allocation 

(-2.5 % 
p.a.) 

Free 
 

Allocation 
(-10 % 
p.a.) 

Verified 
emissions 
(CO2 Mt) 

Free 
 

Allocation 
(-2.5 % 

p.a.) 

Free 
 

Allocation 
(-10 % 
p.a.) 

2010 8 445 826 10 793 886 4 606 236 4 396 519 4 977 923 7 067 824 

2011 8 493 163 10 793 886 4 434 494 4 756 952 5 153 486 7 067 824 

2012 8 812 732 10 793 886 4 413 947 4 756 952 5 135 312 7 067 824 

2013 8 397 752 6 416 358 4 613 607 4 412 080 5 323 345 6 066 661 

2014 8 962 739 6 304 029 4 527 519 4 280 922 5 387 212 5 815 944 

2015 8 646 638 6 190 422 4 398 787 4 164 000 5 108 398 5 564 265 

2016 8 867 366 6 075 671 4 437 265 4 027 520 5 678 244 5 311 723 

2017 9 172 344 5 959 728 4 262 003 3 891 198 4 861 248 5 058 277 

2018 9 279 123 5 842 695 4 332 935 3 731 765 5 332 864 4 804 008 

2019 7 474 886 5 724 245 4 272 928 3 596 024 4 448 530 4 548 672 

Prediction of CO2 emissions (Verified Emissions) and allocated allowances free of charge (Free Allocation) 2020 - 2030 

2020 9 179 782 5 605 421 5 605 421 4 220 147 3 461 684 3 461 684 4 367 779 4 293 040 4 293 040 

2021 8 946 455 5 465 285 5 073 864 4 167 366 3 375 142 3 115 515 4 287 028 4 185 714 3863736 

2022 8 713 128 5 328 653 4 513 322 4 114 585 3 290 763 2 769 347 4 206 277 4 081 071 3434432 

2023 8 479 801 5 195 437 3 952 780 4 061 804 3 208 494 2 423 178 4 125 526 3 979 044 3005128 

2024 8 246 474 5 065 551 3 392 238 4 009 023 3 128 282 2 077 010 4 044 775 3 879 568 2575824 

2025 8 013 147 4 938 912 2 831 696 3 956 242 3 050 075 1 730 842 3 964 024 3 782 579 2146520 

2026 7 779 820 4 815 439 2 271 153 3 903 461 2 973 823 1 384 673 3 883 273 3 688 015 1717216 

2027 7 546 493 4 695 054 1 710 611 3 850 680 2 899 477 1 038 505 3 802 522 3 595 814 1287912 

2028 7 313 166 4 577 677 1 150 069 3 797 899 2 826 990 692 336 3 721 771 3 505 919 858608 

2029 7 079 839 4 463 235 589 527 3 745 118 2 756 316 346 168 3 641 020 3 418 271 429304 

2030 6 846 512 4 351 654 0 3 692 337 2 687 408 0 3 560 269 3 332 814 0 
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Figure 3 Carbon price prediction 2030 

 

Figure 4 Price of emission allowances including prediction to 2030 - U. S. Steel Košice, s. r. o. - Slovakia 

 

Figure 5 Price of emission allowances including prediction to 2030 - Třinecké Železárny, a. s. - Czech 

Republic 

€0,00 

€20,00 

€40,00 

€60,00 

€80,00 

€100,00 

€120,00 

C
ar

b
o

n
 P

ri
ce

 E
U

 E
TS

Year



May 26 - 28, 2021, Brno, Czech Republic, EU 

 

 

1431 

 

Figure 6 Price of emission allowances including prediction to 2030 - Liberty Ostrava - Czech Republic 

To meet global energy and climate goals, emissions from the steel industry must fall by at least 50 % by 2050 

compared to the present situation, with continuing declines towards zero emissions being pursued thereafter. 

Deep emission reductions are not achievable without innovation in technologies for near-zero emissions 

steelmaking shown in Figure 7. A sustainable transition for the iron and steel sector will not come about on its 

own; governments will play a central role [14]. Major and rapid change will be necessary in all cases - and 

there are clear needs for policies to enable the transition. Far more resources must be devoted to accelerating 

innovation on several fronts. Credible new policy solutions are needed to make it viable to pursue low-CO2 

production routes that are up to 20 % more expensive than current routes [8]. To remain competitive steel 

companies in Slovakia and the Czech Republic need a strategy until 2050 as soon as possible to achieve 

near-zero emission production of steel.  

 

Figure 7 CO2 - Intensity of EU steel production processes - tons of CO2 per ton of steel [8] 

3. CONCLUSION 

Europe's ambitious plan to achieve carbon neutrality by 2050 is a major challenge for the metallurgical industry. 

Individual metallurgical companies must make great efforts to achieve the highest possible reduction in CO2 

emissions despite potential technological, organizational, regulatory, and financial barriers. The rising price of 
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emission allowances in the coming years and the potential reduction of free allowances with the arrival of 

CBAM can cause for steel producers an increase in the production price by more than 100€ per ton of steel 

produced by 2030, which may lead to reduced competitiveness of Slovak and Czech steelworks. However, 

through innovation, low-carbon technology deployment and resource efficiency, iron and steel producers have 

a major opportunity to reduce energy consumption and greenhouse gas emissions, develop more sustainable 

products and enhance their competitiveness. However, financial assistance from the government and the 

European Union will be needed in this regard. 
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Abstract 

One of the basic factors influencing the good results of any production system is the optimal organization of 

the production process so that the use of machines is as effective as possible. One of the methods of assessing 

the use of machine working time is the PAMCO (Project Analysis and Monitoring Company) method. The main 

goal of the paper is the presentation of results of PAMCO method of blast furnace working in one of Polish 

steelworks. The analysis includes data related to different types of time for calculating appropriate indexes. 

The analysis covers the period of one calendar year.  

Keywords: Blast furnace, pig iron, effectiveness, PAMCO method 

1. INTRODUCTION 

Blast furnace process is the basic manufacturing process of pig iron and the first step in steel production chain. 

It is a device which works continuously. Blast furnace process is very complex and involves enormous streams 

of materials and energy. There are many factors influencing the production costs, among them are: the use of 

well-prepared and high-quality materials and fuels, maintenance of parameters of blast furnace process at the 

optimum level and the most efficient use of working time of the installation [1]. The paper focused on the 

working time of selected blast furnace device. Analysis of efficiency of working time should be divided into two 

parts: Overall Equipment Effectiveness - OEE and PAMCO. The results of OEE analysis was presented in 

other work [2]. The main goal of this paper is the presentation of results of PAMCO method of blast furnace 

conducted in one of Polish steelworks. The analysis includes data related to different types of time for 

calculating appropriate indexes. The analysis covers the period of one calendar year. 

The methodology presented here can be applied in many ways when it comes to the use of expensive 

machines, the working time of which should be monitored and optimized. These are both industrial (e.g. 

automotive [3,4], lean management [5,6], logistic [7], quality [8,9], food production [10]) and service (e.g. 

databases [11], intelligent buildings [12], e-commerce [13] and education [14]), but also research-laboratory 

(e.g. protective coatings [15,16], surface machining [17,18], fatigue analysis [19] and biotechnology [20,21]) 

areas. The analysis carried out and the results obtained may also be inspiring for researchers using similar 

analytical methodologies (e.g. risk management [22] or knowledge management [23]). 

2. PAMCO - METHODOLOGY OF THE RESEARCH 

One of the basic goals of any enterprise is the optimal use of its resources. To assess their use, one can use 

many technical and economic indicators, which include, among others, productivity or efficiency. One of the 

methods used to assess the efficiency of machines and equipment is PAMCO. The PAMCO method is used 

to measure the performance of machines and is based on indicators that are defined based on the time 

structure [24]. The PAMCO method shows the measurement values and reports the operation of machines 

and technical devices. This method also determines the working time of the tested devices, reduces the 
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number of parameters used, giving a picture of the measurement of these devices [25]. Time, according to the 

PAMCO method, was divided into types presented in Table 1. 

Table 1 Activities and events included in the individual types of times and ways of calculating [25,26] 

Calcucated time Components. Time calculation formulas 
Components included in the 

analysis of the operation of blast 
furnaces 

TT - total time 
Total time, number of hours covering the 

study period 
Total number of hours for blast furnace 

under study 

UAT - unavailable time 
Free time related to holidays, and free 

weekends 
As the devices work in a continuous 

system, this time is 0 
AT - available time AT = TT - UAT 

AUT - available but unused 
time 

Number of hours associated with downtime 
due to lack of orders, autonomous 

maintenance 

Number of hours for blast furnaces 
doe to the lack of receipt of pig iron or 

no materials (sinter and coke) 
UT - utilization time UT = AT - AUT 

PNOT - planned 
nonoperational time 

Number of hours related to changes in plans, 
technological trials, repairs 

Standstill times of blast furnaces 
related to repairs 

OT - operational time OT = UT - PNOT 

Routine stops, rps 

Number of hours related to routine stops for: 
cleaning, assortment changes, production 

stoppages and losses, routine machine 
changes 

Number of hours of operation of blast 
furnaces related to technological and 

mechanical breaks 

PT - production time PT = OT - rps 

Unplanned stops, us 

Hours of unplanned downtime: minor stops, 
breakdowns, adjustments, errors, decreased 

machine performance, technological 
problems, logistic disruptions 

Unplanned breaks in the operation of 
blast furnaces related to electrical and 
energy breaks, power limitation and 

others 
ET - effective time, ET ET = PT - us 

Individual types of times were used to calculate indicators that give a complete and clear picture of the use of 

the machine's work [24-26]: 

1) Production Efficiency (PE) 

x8 � ±�
Ñ� ∙ 100 %               (1) 

2) Operational Efficiency (OE) 

�8 � ±�
Ò� ∙ 100 %               (2) 

3) Available Utilization (AU) 

uÓ � Ò�
�� ∙ 100 %               (3) 

4) Asset Availability (AA) 

uu � ��
�� ∙ 100 %               (4) 

5) Asset Utilization (AUt), 

uÓ � ��
�� ∙ 100 %              (5) 

6) Operational Utilization (OU) 

�Ó � Ò�
�� ∙ 100 %           

    (6) 

7) Production Utilization (PU) 
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xÓ � Ñ�
�� ∙ 100 %               (7) 

8) Effective Utilization (EU), 

8Ó � ±�
�� ∙ 100 %               (8) 

Optimum values of indicators in the PAMCO methods should reach the following optimum [24-26]: 

- PE - as high as possible and exceed value of approximately 95 %,  

- OE - about 92.5 %, 

- AU - about 90 %, 

- AA - about 97%, 

- AUt - it is required that it takes value of 65 %, 

- OU - about 62 %, 

- PU - exceed 60 %, 

- EU - at level 50 %. 

Research was conducted in one of Polish steelworks. One blast furnace was selected. The analysis covers 

the monthly data of the period of one calendar year. During the analysis, on the beginning the information 

about the work of the device was collected, then main indicators were calculated according to the Table 1 

formulas (1) - (8). Values were compared to the average and optimum values. 

3. THE ANALYSIS OF RESULTS 

Analysis of PAMCO indicators for blast furnace device was conducted. Values of basic indicators were 

calculated according to gathered data and were compared to the average values in the study period. Results 

of this analysis are presented in Figures 1-7. 

The PAMCO analysis conducted for the selected blast furnace device (Figures 1-7) allowed for the conclusion 

that: 

 Production Efficiency (PE) indicates what part of the production time is the effective time (less unplanned 

stops). The average value of the index was approx. 99.6 %. In four months it was lower than the average, 

the lowest value was recorded in July. It was caused mainly by energetic breaks. However, this indicator 

was still at a high level and exceeded the optimal value (95 %).  

 Operational Efficiency (OE) indicates what part of the operational time is effectively used during the 

manufacturing process, and what part of this time are interruptions related to routine and unplanned 

stops. The average value of this indicator was over 98.4 % and remained at a similar, high level for 

almost the entire period, the lowest value was recorded months 7, 8 12, what was caused mainly by 

technological breaks. The values for the entire period exceeded the optimal value of 92.5 %. 

 Available Utilization (AU) defines the percentage of operational time in the available time (planned 

nonoperational time is taken into account) and its value should be at least 90 %. During the study period, 

the average value of over 88 % was obtained, slightly below the optimal value. The lowest values were 

recorded in months 3 and 9-11, which was related to the planned current repairs of the device. 

 Asset Availability (AA) is the percentage of available time in total time, and it should be at level of 

minimum 97 %. Because the blast furnace device work continuously, value of this indicator is 100 %. 
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Figure 1 Value of Production Efficiency (PE) in 

comparison to the average value in the study period 

(Own study based on [27]) 

Figure 2 Value of Operational Efficiency (OE) in 

comparison to the average value in the study period 

(Own study based on [27]) 

  

Figure 3 Value of Available Utilization (AU) in 

comparison to the average value in the study period 

(Own study based on [27]) 

Figure 4 Value of Asset Utilization (AUt) in 

comparison to the average value in the study period 

(Own study based on [27]) 

  

Figure 5 Value of Operational Utilization (OU) in 

comparison to the average value in the study period 

(Own study based on [27]) 

Figure 6 Value of Production Utilization (PU) in 

comparison to the average value in the study period 

(Own study based on [27]) 

 Asset Utilization (AUT) shows how much of the total time is used, and how much of that time is downtime 

due to lack of orders or material. The average value of this indicator was above 96 %. In this case, value 

below the average was recorded in month 9. Throughout the entire period, the optimal value (65 %) was 

exceeded. 

 Production utilization (PU) indicates what part of the total time is the production time and what part of 

the time is spent on interruptions related to the available unused time, repairs and routine stops. The 
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average value of this indicator throughout the period was over 87 %, and it significantly exceeded the 

optimal value of 60 %. In months 2, 9-11 it was well below the average due to significant downtime in 

the operation of the machine. 

 Production utilization (OU) was on the same level as AU, since the bases of reference in both indicators 

(time available for AU and total time for OU) are the same. The optimal value was significantly exceeded. 

The indicator of effective utilization EU (average level of approx. 87 %) usually significantly exceeded the 

requirements (50 %), which proves the good organization of production and optimal use of blast furnace 

working time. Moreover, the values of this indicator were very close to the PU indicator. 

 
Figure 7 Value of Effective Utilization (EU) in comparison to the average value in the study period  

(Own study based on [27]) 

4. CONCLUSION 

Conducting continuous evaluation of efficiency of working time of machines is very helpful for all organization, 

because it allows assessing current situation, identify factors, which should be improved, and optimize their 

work. Many various methods can be used in such situation, one of them is PAMCO. In this work the analysis 

was conducted for selected blast furnace device working in one of Polish steelworks. The results show that 

main indicator of this analysis is on very high level and exceeds the minimum values what proves the high 

efficiency of working. In case of blast furnace many factors can influence on the values of indicators: situation 

on the steel market in Poland and the world, demand for raw materials, work organization of blast furnace, 

number of repairs, length of breaks and stops, way of working of device. Such analysis should be done 

continuously, and the results should be compared with similar devices that work in other steel plants. 
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Abstract  

Currently, manufacturing companies operate in difficult market conditions. The demand for specific products 

depends on many factors, including mainly meeting customer requirements by the offered goods. Due to the 

variety of offers available on the market, users have ever bigger and stricter requirements. At the same time, 

ensuring high quality products and optimizing the company's operations requires the use of appropriate 

solutions that allow for an effective combination of these two aspects. In the case of the welded structure of a 

temporary bridge, the appropriate quality of the welds is a very important role. Therefore, after the final 

assembly of the structure, a detailed analysis is carried out. For this purpose, specific methods are used, the 

task of which is to identify and assess the occurring non-conformities. The article discusses the issues related 

to the corrosion protection of the welded structure surface. An analysis of the results obtained by using the 

control method in the study was carried out, and on this basis, the identification of any non-conformities was 

made. Finally, recommendations for companies in the metal industry are presented, which will allow for quality 

improvement in the production process. 

Keywords: Welded structure, quality, production, efficiency, non-conformities 

1. INTRODUCTION 

The inspection of welded joints is crucial to ensure the appropriate quality and safety level of steel structures. 

This is due to the fundamental influence of these elements on the durability and strength of the constructed 

buildings. For this reason, the issue of control is strongly procedural, and various types of methods and 

variations of these methods are used for control. It should be noted that errors in the welds may have various 

consequences, depending on the type of structure [1]. Among them should be mentioned in particular: 

 structures at a special level - in which the defects may cause serious consequences, such as stresses 

that may result in cracking, 

 main structures where the consequences of defects may affect the durability and strength factor, 

 auxiliary structures for which the defects do not have significant consequences. 

Weld testing methods allow for the verification of obtaining appropriate quality levels and the detection of non-

conformities. The appropriate class of construction and quality levels are assumed by the designer before the 

start of production and at the time of establishing specific terms of the contract with the customer. Quality 

levels relating to the joints in a structure of steel are specified in the standard PN-EN ISO 5817. There are 

three levels of non-conformities, which were named with the letters B, C and D. These levels refer to the 

requirements of high, medium and mild [3-5]. 

In practice, various methods of quality control of welds are used. In the literature on the subject, there is a 

distinction between them as: 
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 Non-Destructive Testing, which includes visual inspection methods (VT), penetrant testing (PT), 

magnetic particle testing (MT), ultrasonic testing (UT) and X-ray testing (RT). 

 Destructive Tests, which include hardness tests, strength tests, microscopic tests, macroscopic tests, 

as well as other working tests. 

Due to the analyzed design of the temporary bridge structure and the methods used in this case, three solutions 

will be subject to detailed characteristics, namely VT, MT and UT. The first is based on a visual inspection of 

the tested elements, as well as their assessment in terms of standards related to the method by appropriately 

qualified personnel, characterized by having appropriate permissions. This method is always used first, as it 

allows the identification of the greatest number of non-conformities at low cost. The costs are related to the 

time and commitment of the employee who performs the test and the necessary tools. It should also be noted 

that the testing technique was included in the PN-EN ISO 17637 standard. 

The MT is used to detect defects in ferromagnetic welds of welded joints. The first step in this procedure is to 

purify the weld. Then it is magnetized, which can be done with the use of yoke electromagnets, a source of 

excitation current with the use of contact electrodes or adjacent conductors. Typically, a tangential field 

strength ranging from 2 kA/m to 6 kA/m is used. In the next step, the detection factors are applied. This is done 

by spraying or dusting. The time to maintain the magnetization is important, which should allow for specific 

indications. Their registration is made by making sketches, photographs, or using electro-optical scanning. 

The MT, also called ultrasonic defectoscopy, is based on the use of pulsed sending of ultrasonic waves to the 

tested material. These waves are created with the use of a piezoelectric transducer and are created because 

of vibrations that arise after applying an electric current to the surface, with a frequency in the range of 0.5 to 

15 MHz. A head and an appropriate fluid are used to apply the refrigerant. It can be oil or water with an 
admixture of a wetting agent or a non-freezing corrosion inhibitor. 

The UT is based on the principle of propagation of this type of waves in solids. They give two kinds of 

information: a transmissive signal or a reflected signal (from a surface or a discontinuity). It returns to the head 

and, after being converted into electric, can be observed on the oscilloscope screen. In some cases, the 

registration results are used in computer memory, which is connected to the detector. The individual elements 

of the solid appear on the screen in the form of a bottom echo or defect echo. Knowledge of the geometry of 

the tested element and the characteristics of the head allows to determine the location of the defect in the 

tested structure. 

These distinguished methods are the basis of non-invasive methods of testing welded joints. They enable the 

detection of non-conformities and their assessment in terms of meeting the requirements contained in the 

standards and the client's order. Their use allows for the effective preparation of the structure for delivery and 

ensuring its high level of quality [6-8]. The analysis shown here may be of interest to a wide audience. The 

technological aspect issues will interest welders [9] and power engineers [10]. Quality engineers will pay 

attention to detection issues [11,12], and process engineers will pay attention to optimization, both in 

production [13-15] and service [16]. Equally important is the use of appropriate protective coatings [17] and 

anti-corrosion protection [18-20], even in biotech industry [21]. It may also be of interest to material science 

practitioners [22] as well as analysts [23,24]. 

2. RESULTS 

In the case of welded joints, it is necessary to identify any non-conformities. They can lead to a reduction in 

the quality of the structure and create real threats during its use. In the case of the analyzed temporary bridge, 

the three previously mentioned methods were used. In the first stage, VT was used. All welded joints (100 %) 

in the temporary bridge structure were tested. The implementation of the method was based on a careful 

inspection of the welds, as well as taking basic measurements with the use of basic tools in this area, such as 
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a caliper. Based on the performed observation and measurement, it was possible to identify several groups of 

non-conformities occurring in the welds. Among them should be highlighted: 

 dimensional deviations according to tolerances, 

 welding spatter, 

 incorrect geometry of the welds, 

 incomplete fusion, 

 undercut, 

 poor fusion. 

Dimensional non-conformities were caused either by inaccuracies in the task or by misinterpretation of the 

joint. The remaining defects resulted from the parameters of the welding process. Different faults can be 

caused by different factors. The most probable reasons for their occurrence are presented in Table 1.  

Table 1 Possibilities of eliminating welding non-conformities 

Type of non-conformities Probable causes 

Welding spatter 
Wrong selection of welding parameters, too long arc or high voltage, use of a damaged electrode, 
wet or dirty electrode, contamination of the welded material and / or additional material, incorrect 

polarity 

Incorrect geometry of the 
welds 

Too much additional material, electrode diameter too large, incorrect electrode angle, magnetic arc 
deflection, weld pool too large 

Undercut  
Extended and wide arc at low current or high welding speed, extensive weaving movements, welding 

current too high, wrong electrode angle 

Incomplete fusion  
Inadequate preparation of the joint, wrong angle of the electrode, too low welding parameters, too 

high current, contamination of the edges of the welded sheets, magnetic deflection of the arc 

Poor fusion 
Defective joint design, improper joint preparation, use of excessive arc length, excessive welding 

speed, too large diameter of the electrode used 

The use of the VT made it possible to identify non-conformities on the surface of the welded joints [25,26]. 

Their percentage share in the total number of welds performed is presented in Figure 1. It should be noted 

that in some cases of joints there was more than one non-conformity. The total share of all defective welds 

was 30 %. 

  

Figure 1 Percentage of identified non-conformities in the total number of all welded joints 
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The analysis of the non-compliance parameters showed that most of the problems do not reduce the quality 

of the structure. These nonconformities are within the scope of the previously established design guidelines.  

In the next stage, the methods of MT were used. Welds with previously disclosed non-conformities were 

analyzed. The analysis showed two main non-conformities, namely poor fusion and undercutting. Their 

percentage share in the total number of welds after the test and after the analysis of compliance with the 

previously determined parameters is presented in Figure 2. On the other hand, Figure 3 shows the analysis 

performed after the UT. In this case, the characteristics of the welds with incompatibilities, which could not be 

excluded by the magnetic-particle method. Their analysis based on the UT test results showed that their 

parameters are within the accepted ranges. Thus, they do not affect the quality of the welded structure and do 

not require repair. 

During the analysis of the control processes, which was presented, it should be noted that the subsequent 

methods excluded non-conformities, which in the previous review were not fully understood in terms of meeting 

the design guidelines. Ultimately, the ultrasonic method confirmed the absence of any non-conformities that 

did not fall within the given ranges. In the discussed case, the analysis showed that the non-conformities 

occurring in the welded joints are within the limits specified at the beginning of the project. Thanks to this, the 

structure could be forwarded for corrosion protection and sent to the final customer. In the event of detection 

of unacceptable non-conformities, it would be necessary to repair the welded joints. Following the repair, the 

welds would have to undergo the specified quality control procedure once again. Only its positive result would 

allow for the further implementation of the production process [11].  

 

Figure 2 Percentage of non-conformities 

identified by the MT method in the total number 

of welded joints 

Figure 3 Percentage of non-conformities identified by 

the UT method in the total number of welded joints 

Summarizing the presented analysis, it should be noted that the choice of the methods described above is not 

accidental. The visual examination does not identify all the non-conformities that are present. In the analyzed 

case, they occurred in 20 % of all welded joints. These were subjected to ultrasonic analysis, which made it 

possible to exclude any irregularities that are not important for the quality, strength and safety of the 

construction. At the same time, it showed the presence of 10 % of non-conformities requiring further 

examination, carried out by the magnetic particle method. This stage made it possible to exclude other non-

conformities, as they were within the given tolerance [12-14]. 

3. CONCLUSIONS AND RECOMMENDATIONS FOR ENTERPRISES 

The analyzed quality control of the welded structure of the temporary bridge is very extensive. The control 

covers virtually all stages of production, and thus allows for early identification of any irregularities. At the same 

time, it is strongly focused on the control of welded joints, significantly affecting the quality and strength level 

of the finished product. Such activities are conditioned primarily by the safety issues of the created product 
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and the need to meet the requirements. It is also worth noting that despite the checks carried out during the 

production process, various types of defects are still detected in the final stage. They can be the result of 

various factors. They indicate irregularities in the conduct of welding technology. At the same time, it is possible 

to propose methods to reduce the occurrence of non-conformities in this area. Their summary is presented in 

Table 2. The possibilities of avoiding non-conformities listed in Table 2 indicate the need for changes in the 

technological preparation of welding. Important in this regard are not only the competences of employees, but 

also the inclusion of optimal operating parameters in specific instructions. This can be done by analyzing the 

results of the inspection of welded joints while recording the parameters and techniques used. Thanks to this, 

it will be possible to develop optimal welding procedures for specific welded materials and additional materials. 

Another solution to improve the quality of the production process could be the implementation of the employee 

responsibility system for internal control. Assigning subsequent participants in the process of tasks related to 

the ongoing observation of the manufactured elements could allow not only early identification of defects, but 

also the analysis of the impact of the welding parameters used on the quality of the joint being made. Such a 

system would need to be associated with appropriate documentation with the signature of the person 

responsible for internal control. This solution would not only allow for greater transparency of activities, but 

also motivate employees in terms of the correctness of the joint performance. 

Table 2 Possibilities of eliminating welding non-conformities 

Type of non-conformities Possibilities of eliminating these defects 

Welding spatter 
Checking and selecting the correct welding parameters, selecting the correct arc length, checking the 
electrode's dryness and absence of defects, changing the polarity, changing the ground cable 
clamps, using clean filler material and cleaning the welded material 

Incorrect geometry of the 
welds 

Selection of the appropriate angle of the electrode, reduction of the melting factor, selection of the 
appropriate amount of additional material, selection of the electrode with a smaller diameter 

Undercut  
Using a short arc, checking the angle of the angle, reducing the welding current, using the weaving 
technique 

Incomplete fusion  

Supervision of the technological conditions of welding, control of the appropriate slope of the 
electrode, selection of the correct parameters of the welding speed, the magnitude of the current and 
the arc length with the observation of the weld being made, change of the position of the earth return 
clamp, use of a short arc 

Poor fusion Increase the air gap, reduce the voltage, reduce the welding speed, use a smaller diameter electrode 

The presented information allowed for an overall assessment of the effectiveness of the qualitative analysis of 

welded structures. The occurrence of errors in welding processes indicates the risk at individual stages of the 

manufacturing process. The proposed solutions should allow for the elimination of most of the factors adversely 

affecting the process. At the same time, they should contribute to increasing the quality level of the finished 

welded structure of the temporary bridge. Guidelines for the supervision of the welding process are necessary 

to ensure the safety of the structures created in this way. 
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Abstract 

A large variety of types of rotation mechanisms used in mechanical engineering requires the designers of such 

machines to be able to select appropriate methods of their calculation. An important issue in the design of 

these mechanisms is to define the basic characteristics of these devices as well as areas of application. The 

article presents the factors influencing the quality improvement and streamlining the process of calculating the 

load capacity of toothed roller bearings used in the mechanisms of rotation of the bodies of heavy machines. 

The purpose of the considerations is to identify and eliminate sources of errors in determining the 

characteristics of the slewing bearing capacity. The result of the research is the determination of the risk of 

errors and the development of guidelines for designers of slewing bearings. 

Keywords: Quality, FMEA, Ishikawa, slewing bearing 

1. INTRODUCTION 

For modern organizations, quality is one of the most important bases for existence on the market. It is a very 

broad concept which, from the customer's point of view, guarantees a high level of purchased goods. From 

the organization's point of view, this requires achieving and maintaining a high level of the product [1-3]. In the 

current era of the free market, achieving the best possible level of quality is the most important thing for the 

organization. Carry out such a task, organizations use various tools and methods of quality management [4-6].  

Quality management methods are more focused on the analysis of the collected data, while tools are used to 

collect information about a given product [7,8]. It is important to be able to see the information contained in the 

method and use it to improve other processes or products. Modern technology constantly increases the 

requirements for products. It is especially important due to their reliability and other performance parameters, 

such as increasing the permissible load capacity and durability. An example of such a product is a slewing ring 

(Figure 1). 

 

Figure 1 Double-row slewing rings roller/ball combination bearings 

Slewing roller bearings are most often used as devices connecting two structures of a working machine, most 

often a chassis with a rotating body [9]. These bearings have to meet safety criteria to withstand extreme loads 
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and environmental factors throughout their service life [10]. In contrast to general purpose rolling bearings, 

they show several distinctiveness. The most important ones are their diameter, which can vary from 0.5 m to 

15 m, a large number of rolling parts and the transmission of high loads at relatively low operating speeds.  

The basic quantity that determines the working conditions of the slewing rings is their static load capacity.  

The static load capacity is defined by an appropriate characteristic built in the coordinate system: axial force 

Q - high titling moment M [11]. An important issue in shaping such rotation mechanisms is to define the basic 

characteristics of these devices and the areas of their application [12]. The article presents the factors 

improving the quality and the process of calculating the load capacity of a slewing bearing. The purpose of the 

considerations is to identify and eliminate sources of errors in determining the load capacity characteristics for 

a slewing bearing. The result of the conducted research is the determination of the risk of errors and advice 

for the designers of slewing bearings. 

2. FACTORS DECIDING ABOUT THE CAPACITY AND DURABILITY OF THE SLEWING BEARINGS 

Slewing bearing is a subgroup of rolling element bearing commonly used in large industrial machineries such 

as turntable, steel mill cranes, offshore cranes, rotatable trolley, excavators, stackers, swing shovels, and ladle 

cars. A slewing bearing is basically a bearing with a gear wheel integrated in the inner or outer ring, which is 

subjected to a complex set of heavy loads. Wind turbines have become a significant group of devices. In 

addition, slewing bearings are used in military vehicles, radar antennas, sewage treatment plants, tunnel 

cutters, motor vehicle chassis, or in medical devices or amusement parks. A slewing bearing is basically a 

bearing with a gear wheel integrated in the inner or outer ring, which is subjected to a complex set of heavy 

loads. They typically support high axial Q, high tilting moment M and high radial load H. Slewing bearings are 

often a critical component of the device. Bearing failure can cause large losses due to unplanned production 

downtime. Moreover, its replacement, due to its large dimensions, may take several months [11]. In order to 

prevent unplanned downtime, a condition monitoring and prognosis method is needed. There are many types 

of slewing bearings depending on the number of rows and in the type of rolling elements. Thus, there are 

bearings with one, two and three rows, and the rolling elements can be balls or cylindrical rollers [13]. Slewing 

bearings are designed and manufactured for a specific application and requires knowledge of the design of 

the device on which the bearing will work, the approximate dimensions of the bearings, the diameters of the 

bearing rings mounting screws locations, as well as all the types and magnitude of loads that are transmitted 

through the bearing (Figure 2) [14]. 

       

Figure 2 Basic types of slewing bearings: a) single-row ball bearings, b) double-row ball bearings, c) cross 

single-row roller, d) three-row roller 

The Ishikawa diagram (Figure 3) was used to describe the factors determining the load capacity and durability 

of slewing bearings. The Ishikawa diagram, as one of the instruments of quality management, is a method for 

solving problems based on a cause and effect analysis. The Ishikawa diagram should be used in the case of 

problems where several causes are suspected or we are unable to determine the potential cause at all. 

Common uses of the Ishikawa diagram are product design and quality defect prevention to identify potential 

factors causing an overall effect. Each cause or reason for imperfection is a source of variation. Causes are 

usually grouped into major categories to identify and classify these sources of variation [15]. The main purpose 

of calculating slewing bearings is to determine their static load capacity and, consequently, to prepare the 
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bearing characteristics, i.e. diagrams of the operating area limited by the permissible load curves for the 

function M (Q, H). The load capacity of slewing bearings is determined by various calculation methods. The 

analysis of the actual operating conditions of the bearing shows that the computer aided design of slewing 

bearings should additionally take into account the deformation of the supporting structure resulting from its 

support. A simplified design diagram of a slewing bearing is shown in Figure 4. 

 

Figure 3 Factors decisive about the load capacity and durability of slewing bearings 

 

Figure 4 Diagram of a computer system for calculating the load capacity of slewing bearing 

The simplest calculation models allow to determine the bearing characteristics assuming a number of 

simplifications. A consequence of the simplifications used is inaccurate estimation of the actual bearing 

capacity [9,13,14]. More complex computational models require the use of a computer system for calculating 

such bearings [13]. The load capacity of slewing bearings depends on a number of factors, such as [12]: 

NIENO 

YES 

Initial design of bearing (selection from the catalog or non-standard bearing design)  

Calculation of the catalog load capacity (reference load capacity) 

Deformation analysis required? 

Construction of a 3D model of the bearing and machine support 
structure 

Preparation of a 3D model of the  
bearing and machine support structure 

 

Calculation of the life or dynamic load 
capacity 

Technical Documentation 

YES 

Analysis of the bearing deformation state and determination of 
the state of internal load 

Design changes to the carrier or bearing or 
selection of a new bearing 

Adequate bearing 
capacity? 

Calculation of the overall load capacity 
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 flexibility of bolts securing bearing rings in the structure of the working machine, 

 coefficient of adhesion of the balls to the raceway, 

 nominal angle of action of the forces transmitted by the rolling elements, and its change when the 

bearing is loaded, 

 flexibility of bearing rings, 

 sizes of the contact zones of the rolling elements with raceways, 

 fill factor of the rolling circumference of the bearing raceway, 

 bearing clearance (including preload in the case of a triple row roller bearing with split rings). 

3. RISK OF ERRORS IN DETERMINING THE LOAD CAPACITY 

Table 1 Analysis of the causes and effects of errors in calculating the load capacity of toothed slewing  

   bearings 

Potential error 
The effects of 

errors 
The cause  
of the error 

Research  
methods 

The current 
state Recommended action 

R Z W RPN

Ignoring  bearing 
clearance 

Incorrect 
meshing 

geometry of 
gear ring and 

pinion 

Revaluation 
static load 
capacity 

Simplification of 
computational models 

without the possibility of 
introducing bearing 

clearance 

Calculation of 
replacement 

characteristics for 
rolling elements 

6 5 3 90 

Clearance introduced into the 
computational model by moving the 
replacement material characteristic 

for rolling elements 

Ignoring changes 
in the nominal 

contact angle of 
balls 

The risk of 
damaging the 

edges of 
raceway bearing 

Calculations of ball 
bearings on models of 
computation relating to 
roller bearings, in which 

there is change of contact 
angle 

Classical and 
numerical model for 

the calculation of 
bearings 

7 4 6 196 

In computational models, the balls 
should be replaced element special 
which allows in accordance with the 
change in the angle of operation of 
the parts of rolling due to portable 

loads 

Ignoring the bolts 
of bearing ring 

Revaluation 
static load 
capacity 

Simplification of the model 
computing with respect 

mounting bolts 

Computation 
models without the 
possibility of input 

the bolts 

5 3 6 75 

In numerical calculations the finite 
element method to model the bolts 

with beam elements with 
pretension 

Ignoring the 
deviation from 
flatness of the 

surface retaining 

Revaluation 
static load 
capacity 

The assumptions of the 
model calculation 

Classical 
computation 

models bearings 
6 4 8 192 

The deviation from flatness must be 
considered in geometry of the 

model calculation, concerning the 
seats of the bearing 

Ignoring the 
flexibility of 

bearing rings 

Revaluation 
static load 
capacity 

The assumptions made in 
the model computing 

Classical com-
putation models 

bearings 
5 4 6 120 

Construction of numerical models 
using FEM 

Ignoring the 
flexibility of 

systems of re-
ference and of 

bearing used for 
machine 

Revaluation 
static load 
capacity 

Lack of knowledge of the 
geometry of supporting 

structures at the stage of 
calculation of the bearing 

capacity 

Classical 
computation 

models bearings 
8 6 9 432 

It is necessary to know the 
structure of bearing installation and 

execute a computational model 
taking into account the entire 

structure of the machine relative to 
the site of rotation 

The risk related to the overestimation of the load capacity of toothed slewing bearings results from the adopted 

simplifications in the calculation models. The FMEA method was used to determine the degree of risk [16]. 

FMEA (Failure Mode and Effect Analysis) means the analysis of the causes and effects of defects. It is one of 

the methods used to minimize or eliminate the effects of defects that may occur in construction and 

manufacturing processes. The purpose of the FMEA is in particular [17,18]: consistent and permanent 

elimination of product or process defects by identifying the reasons for their occurrence and appropriate 

effective remedial measures; preventing the occurrence of already identified defects as well as those provided 
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for by using conclusions from previous analyzes. Table 1 shows the individual factors and the risks that occur 

if they are not taken into account when calculating the load capacity of toothed slewing bearings [11,13]. In the 

research, the risk was determined by defining the criteria for selecting the coefficients, i.e .: R - the risk of error 

occurrence, Z - the significance of the error and W - the difficulty of including the error in the calculations. 

However, the priority number of risk was determined using the dependence: 

«xt � « ∙ Ô ∙ P                                                                                       (1) 

The greatest risk associated with incorrect estimation of the load capacity of toothed slewing bearings concerns 

the failure to take into account the susceptibility of support and load-bearing structures for the machine used. 

When calculating the load capacity, it is also important to take into account the flexibility of the bearing rings 

as well as the bearing clearances. The contact angle of the rolling elements also has a great influence on the 

load capacity of ball bearings  

4. CONCLUSION 

The paper presents an analysis of the quality of the methods for calculating the static load capacity of slewing 

bearings. Classical calculation models of toothed slewing bearings, due to their complexity, must be subject 

to various simplification. This also applies to numerical models using the finite element method. These 

simplifications contribute to the inaccurate determination of the load capacity of slewing bearings. The greatest 

risk of error related to the estimation of the load capacity of toothed slewing bearings occurs when they are 

mounted on supporting structures that do not provide adequate stiffness of the seats. The deformation of 

bearing rings caused by their limited stiffness has a very significant impact on the value of loads that can be 

transferred by the bearing. For this reason, when determining the catalog bearing capacity, it is important to 

take into account the flexibility of the rings, their fastening, as well as the susceptibility of the entire bearing 

and support structures of the working machine. It should also be remembered that during the operation of the 
bearing, depending on the intensity of the raceway wear process, the clearances in the bearing increase. 

Excessive bearing clearances contribute to the deterioration of the meshing conditions of the pinion with the 

toothed rim due to the uneven load distribution along the tooth line, and also reduce the bearing capacity. It 

can therefore be concluded that taking into account all the factors influencing the bearing capacity allows for 

a more accurate determination of the bearing's safety factor already at the design stage. The methods 

described in the article are of interest to many technical areas, including engineering of production [19-21] and 

service [22-24] processes, biotechnology [25], coating technologies [26] and corrosion resistance [27,28]. They 

can also be inspiring for material sciences [29], mechanical analysis [30] and analytical methods [31,32]. 
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Abstract  

Changing market conditions, the emergence of new technologies and new solutions make it necessary  

to introduce changes in enterprises. One of the changes that enterprises have to face is Revolution 4.0, also 

known as industry 4.0. It is more difficult in enterprises of the metallurgical industry due to the specificity  

of production and technology, but also old technological equipment, no employees, no base for foreign 

employees. The main goal of this paper is to evaluate SMEs from the metal industry in terms of their ability  

to overcome the barriers they face during implementation of Industry 4.0 assumptions and principles. In the 

research the current state of the metallurgical enterprises from the SME sector and the problems they have  

to face taking into account the assumption of the Industry 4.0. 

Keywords: Industry 4.0, metallurgical industry, SME’s, Revolution 4.0, barriers 

1. INTRODUCTION 

The market demand for metal products, invariably for many decades, is very high, and the competitiveness  

of enterprises in the metal industry forces the introduction of very large changes in both the method  

of enterprise management and production control. These changes result not only from the dynamic 

development of new technologies, but also from the way processes are organized [1,2]. Enterprises taking 

care of their market position are already striving to introduce new management principles based on the 

assumptions of sustainable development (care for raw materials and the environment), as well as the principles 

respected by Industry 4.0 and even 5.0. The most important factors that determine Industry 4.0 include the 

smoothness of production based on interoperability [3-6]. According to the assumptions, companies that want 

to compete in the market created by Industry 4.0 must first of all ensure an appropriate level of information 

transparency in relation to the automation and robotization of production. Quick access to data and the ability 

to react immediately can largely affect the efficiency and flexibility of processes and the competitiveness  

of new products introduced to the market. Many companies in the metal industry, despite the need to change, 

still use old technologies, the effectiveness of which is unquestionable [7,8]. And they are still reluctant to face 

the industrial revolution. Any changes, both organizational and technological, regardless of the way in which 

they are introduced, face numerous barriers. In the world literature, research and descriptions relating  

to barriers to modern solutions and technologies are widely discussed. In general, there are many groups  

of barriers, and the most common are: technological, economic, social and mental. These areas are the key 

elements that require reflection when implementing changes in the operating strategy of the metal industry.  

It is obvious that the strength of the barriers in enterprises from the metal industry is characterized by a specific 

set of factors that are presented in Table 1. However, there are theories that openness to Industry 4.0 leads 

to the perception of higher barriers. Additionally, the knowledge and willingness to acquire the skills  

to overcome the economic barrier often result in a strong improvement in results [9-12]. 
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Table 1 Types of barriers causing resistance to the implementation of modern principles and solutions  

             in SMEs from the metallurgical industry 

BARRIER TYPE A SET OF FACTORS THAT SHAPE THE BARRIER 

TECHNOLOGICAL 
 

̵ Ignorance of new technologies 
̵ No innovative approach 
̵ Relying on old technologies 
̵ Lack of competence in the field of innovation 
̵ Lack of knowledge in the field of new technologies 
̵ Technology portfolio insufficiently developed 
̵ Old appliances - data cannot be digitized 
̵ No cooperation in the field of open engineering, etc. 

ECONOMIC 
 

̵ Insufficient financial capital 
̵ Lack of financial liquidity 
̵ The need to use expensive technologies 
̵ Obsolete devices that require large financial outlays 
̵ No application for development grants etc. 

SOCIAL / METAL 

̵ Lack of knowledge and competence of employees 
̵ No training or workshops for employees 
̵ Not investing in staff development 
̵ Fear of unknown and unexplored technologies 
̵ Reluctance to novelty 
̵ No incentive system 
̵ Lack of acceptance by the crew etc. 

In addition to the factors constituting some kind of resistivity in the area of implementing changes should also 

be taken into account. The ease of overcoming difficulties, as it is known, may be determined by the company's 

capital, management effectiveness (efficiency of management systems), competences of employees and 

management, the motivation system, technological position of the enterprise, management principles and 

policies, etc. [13,14]. It is obvious that it is much easier to overcome all barriers by large enterprises 

(corporations, etc.) than by small and medium-sized enterprises (SMEs), and even more by micro-enterprises 

[15-18]. The main goal of this paper is to evaluate SMEs from the metal industry in terms of their ability  

to overcome the barriers they face during implementation of Industry 4.0 assumptions and principles. 

The subject of the article is primarily of interest to technologists [19, 20] and automotive engineers [21,22], but 

also should be inspiring for biotechnology industry [23,24], quality engineers [25-27] and people dealing with 

environmental optimization [27,29]. The collected information is potential valuable source for methodologists 

dealing with process organization and optimization [30,31]. 

2. METHODOLOGY 

The presented research results are part of a larger research project related to the implementation of Industry 

4.0 in various SME enterprises in Poland. In the paper the results for metallurgical enterprises from the SME 

sector in southern Poland were presented. It is possible to indicate the level of preparation of enterprises for 

the implementation of Industry 4.0 and the main problems that these enterprises have faced in this process. 

The research was conducted in January-December 2020 in 139 enterprises.  

The research was divided into two parts. Initially, enterprises were asked to evaluate the current state, this 

part took the form of a survey form. At the beginning, representatives of these enterprises evaluated the level 

of automation and robotization of individual operations on a scale of 1-5, where 1 meant manual-machine 

processes, 5 - full automation and robotization. For the purposes of this paper, the following transformation  

of the ratings was made: 1 - 0.1; 2 - 0.3; 3 - 0.5; 4 - 0.7; 5 - 0.9 (Figure 1a). Then, the respondents were 

supposed to indicate whether the instruments and methods are used in their enterprise by selecting one of the 

following answers: I do not know, no, sometimes, yes. In this case, the transformation was as follows: I don't 

know - 0.1; no - 0.3; sometimes 0.7; yes - 0.9. (Figures 1b-1d). The results are presented in the form of radar 

charts. The second part of the research was in the form of a direct interview, where the same representatives 
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were asked to indicate the biggest problems that are encountered during the implementation of individual 

assumptions of Industry 4.0. These results are presented as bar graphs. 

3. RESULTS AND DISCUSSION 

The level of automation and robotization of individual operations in the production process was presented in 

Figure 1. The highest level of automation and robotization was recorded in the case of production operations 

(0.4), yet it cannot be assessed as high, which means that on average, in the metallurgical industry companies, 

machine production can be found more often. It is related to the specifics of the industry. Many technologies 

have been used for many years. The current state of the enterprises was presented in Figure. It can be seen 

that many enterprises use product modelling programs or modelling production processes programs, which 

makes it easier to plan and organize the production process. Many companies also use identification of 

products, tools and materials in the system, which eliminates wasted time. 

a) b) 

 

c) d) 

 

Figure 1 (a) The level of automation and robotization of individual operations; (b), (c), (d) Assessment of the 

current state in the research enterprises 

There have been many problems related to the various solutions used in Industry 4.0 (Figures 2-4). When it 

comes to the automation and robotization of individual processes, the respondents primarily indicated the need 

to employ foreign employees, too old and incompatible equipment. There is a problem with employees on 

Polish market cause by the fact that many specialists moved to other countries, for example Western 

European. So Polish enterprises, also from metallurgical sector, need to search for employees from abroad. 
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But at the same time other problems appear e.g., language barriers or lack of infrastructure for those people. 

If it comes to old equipment, to introduce automation and robotization there is a need to change also current 

machines, because they are so old that they do not want to collaborate with the newest solutions. 

If it comes to problems indicated in Figure 3, one should pay attention to high cost of acquiring specialist, 

language problems of foreign employees, continuous staff rotation and no adequate monitoring equipment. 

Again, it is possible to observe to problem with staff which is very common in Poland. New employees need 

to learn how to conduct individual operations, very often they need special courses. The problem is not only 

problem with language but also additional cost if the enterprise needs to train new employees over and over 

again. Lack of monitoring equipment means not enough money to buy it. 

The enterprises also encounter many problems when implementing various types of production tools and 

systems (Figure 4). Between the problems it should be mentioned resistance of employees to changes, 

continuous staff rotation, language barriers for foreign employees and lack of pull system. 

 

Figure 2 Obstacles associated with increasing the level of automation and robotization of different processes 

in enterprises 

 

Figure 3 Problems with monitoring processes, documenting and selling data and their use in the field of 

process improvement and optimization, and with monitoring and supervision over the material, product and 

tool during the process 
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Figure 4 Problems when implementing various systems 

The last element is needed in case of many production systems but is connected with big changes  

in production organization. Problems with employees are difficult to solve. Often, with many types of change, 

employees are against, because they are afraid of the new solutions. It is also hard to make changes  

if employees are constantly struggling or have language problems. All this is not conducive to revolutions. 

4. CONCLUSION 

Introducing changes in any enterprise is very difficult, but inevitable. Industry 4.0 brings a lot of modern 

solutions that are not only to facilitate the production process, but also to introduce many organizational 

changes. These changes are a big challenge for metallurgical enterprises from the SME sector due to the level 

of their automation and robotization as well as the financial resources available. In the paper several problems 

faced by the metallurgical industry, with an emphasis on small and medium-sized enterprises, were indicated. 

Between them, it should be mentioned old technologies and the lack of automation and robotization of 

processes. As a result, it is difficult to use the latest solutions that would be compatible with the technical 

equipment that is in the enterprise. Another problem is the lack of specialists in the labor market. The constant 
rotation of employees, and a large outflow of Polish employees to Western Europe meant that Polish 

enterprises have to look for foreign employees, most often from the East. Unfortunately, there are language 

barriers, there is no adequate infrastructure for these employees, they need to be trained, sent to additional 

specialist courses, which, unfortunately, is associated with high costs. This means that these enterprises do 

not have the simple path of transformation to Industry 4.0, it is related to the economic factor and the human 

factor. 
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